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Soil organic carbon (SOC), as one of the largest C pools in terrestrial ecosystems, plays a
key role in governing soil ecosystem processes and climate regulation. Climate change concerns
have resulted in a rapidly growing interest in understanding the potential for natural climate
solutions (NCS) that include enhancing SOC sequestration and reduce net atmospheric
greenhouse gas (GHG) emissions. This research focused on addressing information needs about
SOC in Maine, specifically in evaluating available soil databases to accurately quantify SOC
density and concentration, and study the response of selected representative Maine soils to
biochar amendments under a changing climate.
Maine SOC was estimated from three different but complementary databases that
included the Forest Inventory and Analysis (FIA), the Soil Survey Geographic Database
(SSURGO), and the Rapid Carbon Assessment (RaCA) databases. We analyzed and compared
data from these sources to estimate SOC stock in Maine under various land uses and also
explored the relationships between soil properties and SOC retention. Estimates of SOC

densities, particularly at shallow depth, varied significantly among databases, reflecting the
differences in program design and sampling protocols for each database. Significant correlations
between SOC and soil texture and soil drainage highlighted the dominance of silt and clay
fractions in C retention in Maine soils.
The scientific literature has demonstrated the potential C benefits of amending soils with
biochar as an NCS. Here, we report results from a series of incubation experiments and modeling
simulations evaluating the influences of biochar additions. Empirical incubations showed that
biochar amendments significantly increased SOC, but had no significant effect on soil
respiration, highlighting the potential for biochar to enhance C sequestration. The potential C
benefits of biochar amendments to increase SOC were further supported by numerical modeling.
Modeling also indicated that although future climate warming would have negative
consequences for SOC sequestration, the net effects of climate were relatively small compared to
the C benefits of biochar soil amendments. In addition, biochar amendments improved some soil
health properties including pH, extractable cations, and water holding capacity. However, plant
response to soil biochar amendments in the bioassay study was inconsistent.
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CHAPTER 1
INTRODUCTION
Greenhouse gas (GHG) emissions to the atmosphere due to fossil fuel combustion and
land use change continue, with concentrations of atmospheric carbon dioxide (CO2) reaching 413
μmol mol-1 in 2020 (Dlugokencky & Tans, 2021). Globally, approximately 29% of this emitted
anthropogenic CO2 is removed by the terrestrial ecosystem, with up to 40% of the terrestrial CO2
sink going into soils that consequently contain up to 2500 Pg of C worldwide (Batjes, 2014;
IPCC, 2014, Quéré et al., 2017). As a consequence, there has been considerable research to
define soil C pools at multiple scales in support of land management and policy decisions for
GHG mitigation. Less is known about the current size of SOC pools in Maine, where
approximately 89.1% of Maine’s land surface area is covered by forest (Butler, 2018). Given the
accelerating rates of warming, it is becoming increasingly important to consider a specific set of
climate actions that can fulfill future climate goals of limiting increases in temperature to below
2 ℃. The research described in this dissertation evaluates soil organic carbon (SOC) in Maine
from the major available databases, and studies the response of representative Maine soils to
biochar amendments under different climate scenarios.
In Chapter 2 we analyzed and compared data from three contemporary databases that
included the United States Department of Agriculture (USDA) Forest Service’s Forest Inventory
and Analysis (FIA), and the USDA Natural Resource Conservation Service (NRCS) Soil Survey
Geographic Database (SSURGO) and Rapid Carbon Assessment (RaCA) databases to estimate
current SOC concentrations and densities at different depths. We also examined relationships
between SOC and soil properties, highlighting the contribution of silt and clay fractions to C
retention in Maine soils.
1

Given the global focus on reducing GHG emissions and limiting global temperature
increases to below 2 ℃, natural climate solutions (NCS) that consist of conservation, restoration,
and improved land management actions have been widely accepted as effective climate strategies
that increase C storage and/or avoid GHG emissions across worldwide forests, wetlands,
grassland, and agricultural lands. Within the framework of all possible NCS, biochar is
potentially one of the most effective management alternatives in agroecosystems, with its
benefits on soil health improvements and C sequestration being commonly reported in the
literature (Gholami et al., 2019; Peake et al., 2014; Woolf et al., 2010). The research being
reported here aimed to evaluate the effects of biochar amendments on responses of soils and
plants.
Chapter 3 describes a benchtop incubation that was conducted to investigate the
influences of two biochar amendments on several representative soils from Maine. Soils were
incubated with two biochars at different application rates to (1) examine the effects of biochar on
soil properties (i.e., pH, soil moisture retention, base cations, and total C) and (2) evaluate the net
C benefit of biochar application. Our study in Chapter 3 concludes that biochar applications
significantly improved soil properties, particularly soil pH, water retention, and total C.
In Chapter 4 we subsequently conducted a greenhouse experiment to examine a single
application of wood-derived industrial byproduct biochar on soil and plant response. Forest and
agricultural soils from Maine were treated with either a triple washed industrial byproduct or
triple washed and lime stabilized industrial byproduct biochar, and plant biomass yield was used
as a bioindicator of soil quality in response to biochar applications. Results from this greenhouse
experiment highlighted the potential of this industrial byproduct biochar for improving soil
health properties and enhancing C sequestration. However, limited effects on plant biomass were
2

found, suggesting that the application of biochar without additional cultural practices may not
sufficient to enhance plant productivity.
Recently, the state of Maine set GHG reduction goals of 45% below 1990 levels by 2030,
and 80% below 1990 levels by 2050 (Maine Climate Council, 2020). Given the context of
noteworthy SOC increases with biochar soil amendments, it is of great societal interest to
evaluate the long-term effect of biochar application on soil C sequestration as well as GHG
emissions mitigation. Numerous long-term in situ field biochar soil amendment studies have
recognized the potential value of biochar for C sequestration, while a few of them also
demonstrated loss of C resulting from a biochar induced priming effect and leaching via
dissolved organic carbon (DOC).
In Chapter 5, we modified the standard RothC model to simulate the long-term effects of
biochar and climate scenarios on C sequestration as well as GHG mitigation potential in
agricultural soils in Maine. The findings from this modeling research reinforced the C benefits of
biochar as a soil amendment, although small decreases in C sequestration were reported to result
from future warming, a priming effect, and DOC leaching.

3

CHAPTER 2
COMPARING PUBLICLY AVAILABLE DATABASES TO EVALUATE
SOIL ORGANIC CARBON IN MAINE, U.S.A.

ABSTRACT
Elevated greenhouse gas (GHG) emissions have resulted in growing societal interests in
natural climate solutions that include enhancing soil organic carbon (SOC). This study evaluated
SOC from three USDA soil databases for Maine, a state that is nearly 90% forested. These
databases were: (1) Forest Inventory and Analysis (FIA), (2) NRCS Soil Survey Geographic
(SSURGO), and (3) Rapid Carbon Assessment (RaCA). We compared estimates of SOC density
and concentration among databases and analyzed relationships between key soil properties and
SOC densities and concentrations. Estimates of SOC density to a 20 cm depth which allows
comparison among all three databases was 77 ± 1.2 Mg ha-1, 95 ± 0.3 Mg ha-1, and 39± 2.2 Mg
ha-1 for SSURGO, RaCA, and FIA, respectively. Significant differences existed among databases
in SOC density at shallow depth increments, and marked differences exist among databases in
the soil depths measured. Analysis of the influence of soil texture and drainage class on SOC
highlighted the importance of silt and clay in SOC retention. A hypothetical increase in forest
and agricultural SOC was compared to reported Maine GHG emissions to illustrate potential
policy implications in the use of soil databases. We conclude that all three soil databases are
valuable but not interchangeable. The database should be carefully chosen to match the
objectives of the user.
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INTRODUCTION
Globally averaged greenhouse gas (GHG) (e.g., CO2 and CH4) emissions have been
increasing significantly during the last century, with atmospheric CO2 concentrations being 280
ppm in 1850 and reaching 411 ppm in 2019 (Tans & Keeling, n.d.). As societal interest in carbon
(C) increases, it is increasingly important to accurately quanti0fy C pools and understand
environmental factors that influence C distribution. The IPCC (2014) reports that between 1750
and 2011, approximately 40% of anthropogenic CO2 emissions have remained in the atmosphere
with the rest stored in some combination of soil, vegetation, and the ocean. The largest annual
sink for anthropogenic C after the atmosphere is in the oceans, which removed 26 to 30% of
emitted anthropogenic CO2 between 2000 and 2008, followed by the terrestrial ecosystem that
removed 29%, with as much as 40% of the terrestrial CO2 sink going into soils (IPCC, 2014;
Quéré et al., 2017). Approximately 1115 to 2500 Pg (1 Pg = 1015 g) of C is stored in world soils,
which is on the order of twice as much C as is stored in vegetation (Batjes, 2014; Dixon et al.,
1994; Eswaran et al., 1993; Lal, 2008; Post et al., 1982). Because of the importance of soils in
global C dynamics, there is increasing interest in defining soil C pools as the foundation for
management and policy decisions that have the potential to reduce atmospheric GHG
concentrations.
Atmospheric CO2 fixed by photosynthesis is often stored as SOC, and the formation and
stability of SOC depend largely on soil attributes and environmental factors (Lal et al., 2018).
The characteristics of soil parent materials, soil texture, and soil drainage class are known to be
critical soil properties that influence SOC accumulation at various scales (Angst et al., 2018;
Araujo et al., 2017; Barré et al., 2017; Wickland et al., 2010). For landscape-scale analyses, there
are primarily three complementary public data sources in the US that have soil C data along with
5

data on associated soil attributes: (1) Soil Survey Geographic (SSURGO), (2) Rapid Carbon
Assessment (RaCA), and (3) Forest Inventory and Analysis (FIA) databases. These data sources
allow us to not only estimate SOC stock, but also investigate factors controlling SOC and the
relationship between SOC and soil taxonomy.
The state of Maine is characterized by extensive forest cover, where 7.1 million hectares
of forest land cover 89.1% of the land area in Maine (Butler, 2018). As a consequence, any
assessment of SOC in Maine will be dominated by the influence of the extensive forested area.
Previous state-level SOC estimations were often fulfilled using the State Soil Geographic
Database (STATSGO). For example, Davidson and Lefebvre (1993) assumed a normal
distribution of STATSGO data and used the simple mean of the low and high values to calculate
Maine SOC. They estimated 15.5 kg m-2 SOC to 165 cm depth. Amichev and Galbraith (2004),
however, considered the skewness of the data for some soil attributes and calculated the stock of
SOC in Maine after they applied normal and lognormal-transformations on STATSGO data.
They reported that Maine soils contained a normal area-weighted mass of 11.6 kg m-2 SOC and a
log-transformed area-weighted mass of 7.9 kg m-2 SOC to 200 cm in 2004. Here we aimed to
evaluate available contemporary soil databases to: (1) compare SOC estimates for Maine from
the SSURGO, RaCA and FIA databases, (2) evaluate how selected soil properties influence
SOC, and (3) illustrate how these data might be used to estimate the potential of soils to reduce
net GHG emissions for Maine.
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MATERIALS AND METHODS
Descriptions of databases
USDA NRCS Soil Survey Geographic (SSURGO) Database
The most comprehensive database of soils information in the United States is SSURGO.
SSURGO includes both tabular and spatial data incorporating soil attributes measured both onsite and at laboratories. Soil map units, also known as Map Unit Keys (MUKEYs), are the basic
geographic unit of the SSURGO database delineating areas that are dominated by one or more
soil components (Soil Science Division Staff, 2017). Components of map units are typically
phases of soil series. Soil samples are collected by horizon from individual pedons based on
MUKEY distributions. Pedons are excavated to bedrock or a maximum depth of 200 cm (Soil
Survey Staff, 2014).
USDA NRCS Rapid Carbon Assessment (RaCA)
The USDA NRCS Soil Science Division created the RaCA project to quantitatively
estimate the amount and distribution of SOC under different land covers in the conterminous
United States (CONUS). The RaCA project utilizes 17 of the 18 Major Land Resource Area
(MLRA) regions in the CONUS. Soils within each region are grouped by similarities in SOC
stocks based on SSURGO data. To determine land use for each category of SOC stock, RaCA
land use-land cover (LULC) classes are derived from the National Land Cover Database
(NLCD) LULC classes. LULC classes were then aggregated according to the National Resources
Inventory (NRI) LULC classes. Finally, LULC-Soil Group Combinations (LUGR) were created
to encompass the SOC and LULC classes. The RaCA soil sampling design was based on a plot
design with a central pedon surrounded by four pedons sampled at 30 m in each cardinal
7

direction to a depth of 100 cm by horizon. Distribution of plots was then based on LUGRs (Soil
Survey Staff & Loecke, 2016).
USDA Forest Inventory and Analysis (FIA)
The USDA Forest Service FIA program is a multi-phase inventory providing consistent
data needed to assess the condition of U.S. forests. Aerial photography or satellite imagery is
used by FIA to assign each plot to a single stratum and determine the land use at all plot
locations. Each FIA plot represents a circular sampling area of about 10,000 m2 (1 ha) and
consists of four 7.32 m radius subplots arranged in a triangular pattern around a central subplot,
where each subplot is surrounded by a 17.95 m radius annular plot for destructive sampling, that
included the soil sampling (O’Neill et al., 2005). The forest floor in FIA is sampled by collecting
all organic materials that they defined as both litter and duff except rocks and large woody
materials within a 30 cm diameter sampling frame to the bottom of the surface organic horizon.
Once the forest floor is removed, organic or mineral soil samples are collected to a depth of
20.32 cm using a 4.8 cm diameter impact-driven bulk density corer, with two inserted plastic or
stainless-steel liners separating core samples into depth increments of 0 to 10.16 cm and 10.16 to
20.32 cm.
Soil organic carbon calculation
For this study we utilized soil variables that included total SOC concentration, bulk
density, and coarse fragments to estimate SOC density from each database. Table 2.1
summarizes methods that were used to measure variables for each database. The specific
calculation of SOC density varied for each database.
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Table 2.1. Description of methods used in measurements of soil attributes.
Method
Database

Reference
Total Carbon

Bulk Density

Coarse Fragments

—— % ——

—— g cm-3 ——

—— % ——

SSURGO

Dry combustion
and dichromate
oxidation†

Clod method or
weight of ovendried soil in cores

Mass percent
weight of particles
> 2 mm

Soil Survey
Staff, 2014

RaCA

Visible-Near
Infrared (VNIR)
spectroscopy and
dry combustion‡

Soil scoop,
compliant cavity,
ring excavation,
and soil cores§

Mass percent
weight of particles
> 2 mm

Soil Survey
Staff &
Loecke, 2016

Dry combustion¶

Total weight of
oven-dried soil in a
181 cm3 soil core

Mass percent
weight of particles
> 2 mm

O’Neill et al.,
2005

FIA

† Methods used depend on when the samples are analyzed.
‡ Dry combustion was only used on central pedons, VNIR was used on all pedons.
§ Decisions depend on the depth on different horizons.
¶ Dry combustion method is checked using dichromate oxidation with heating method.
Estimates of SOC for each soil component from SSURGO were calculated as follows:
𝑛

𝑆𝑂𝐶𝑆𝑆𝑈𝑅𝐺𝑂_𝑐𝑜𝑚𝑝 = ∑ (ℎ𝑧𝐷𝑖 ∗ (𝑂𝑀 ∗ 0.58) ∗ 𝐵𝐷𝑖 ∗ (1 − 𝐶𝐹𝑖 ) ∗ 𝐶𝑜𝑚𝑝 ∗ 100)
𝑖

Equation 1
Where 𝑆𝑂𝐶𝑆𝑆𝑈𝑅𝐺𝑂_𝑐𝑜𝑚𝑝 was the total mass (Mg ha-1) of SOC for a component, 𝑖 is the
soil horizon, 𝑛 was the total number of horizons measured, ℎ𝑧𝐷𝑖 was the depth (cm) of 𝑖th
horizon, 𝑂𝑀 was the mass percent organic matter in the 𝑖th horizon, 𝐵𝐷𝑖 was the bulk density
calculated as mass per unit volume of soil (g cm-3) in the 𝑖th horizon, 𝐶𝐹𝑖 was the coarse
fragment (%) at 𝑖th horizon, 𝐶𝑜𝑚𝑝 was the percent of the component within map units.
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‘Map unit’ is the ultimate attribute for estimation and mapping of SOC in SSURGO.
SOC estimates for map units with a single soil component were therefore represented as the SOC
estimates for that component. Otherwise, SOC estimates for map units delineating areas
dominated by a soil complex or association having two or more dissimilar components were
calculated as the summation of SOC estimates for each component. In all cases, an area of minor
soil components was represented in a map unit as undefined. Therefore, to estimate SOC for
100% of the map unit, we scaled up the SOC estimate as follows:
𝑛

𝑛

𝑆𝑂𝐶𝑆𝑆𝑈𝑅𝐺𝑂_𝑡𝑜𝑡𝑎𝑙 = ∑ (𝑆𝑂𝐶𝑆𝑆𝑈𝑅𝐺𝑂_𝑐𝑜𝑚𝑝 )/ ∑ (𝐶𝑜𝑚𝑝)
𝑖

𝑖

Equation 2
Where 𝑆𝑂𝐶𝑆𝑆𝑈𝑅𝐺𝑂_𝑡𝑜𝑡𝑎𝑙 was the total SOC (Mg ha-1) for 100% of each map unit, 𝑖 was
the soil component, 𝑛 was the total components included, 𝑆𝑂𝐶𝑆𝑆𝑈𝑅𝐺𝑂_𝑐𝑜𝑚𝑝 was the sum of the
SOC (Mg ha-1) for components within each map unit, 𝐶𝑜𝑚𝑝 was the total percentage of the
spatial extent of each map unit occupied by the components of that map unit with data.
SOC in RaCA was calculated as follows:
n

SOCRaCA_pedon = ∑ (SOCi ∗ BDi ∗ Depi ∗ (1 − CFRAGi /100))
i

Equation 3
Where 𝑆𝑂𝐶𝑅𝑎𝐶𝐴_𝑝𝑒𝑑𝑜𝑛 was the amount of soil carbon for a pedon in Mg ha-1, 𝑖 was the
soil horizon, 𝑛 was the total number of horizons measured, 𝑆𝑂𝐶𝑖 was the SOC concentration in
percent, 𝐵𝐷𝑖 was soil bulk density in g cm-3, 𝐷𝑒𝑝𝑖 was the depth of the horizon in cm, and
𝐶𝐹𝑅𝐴𝐺𝑖 was the coarse fragment content in percent.
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To scale up measured SOC stock data to the whole state, SOC stock values were assigned
to all LUGRs based on the measured samples and aggregated to encompass the entire study area
using R scripts (RaCA_SOC_LUGR&Summary) available with the RaCA database.
The FIA program samples forest floor and mineral soil separately. To compare FIA with
the other soil databases, we did not use the formula of Domke et al. (2016) that included the
medium size fine woody debris, therefore we estimated SOC in the forest floor from FIA
calculated as follows:

𝑆𝑂𝐶𝐹𝐼𝐴_𝐹𝐹 = 𝐶𝐹𝐹 ∗ (

𝑆𝑊𝑜𝑑
) ∗ 𝑢𝑐𝑓
𝐴

Equation 4
Where 𝑆𝑂𝐶𝐹𝐼𝐴_𝐹𝐹 was the total mass (Mg ha-1) of SOC in the forest floor, 𝐶𝐹𝐹 was the
percent organic C in the forest floor, 𝑆𝑊𝑜𝑑 was the total oven-dried weight of soil collected from
the sampling frame, 𝐴 was the area (𝜋 ∗ 15.24 𝑐𝑚2 ) of the sampling frame, and 𝑢𝑐𝑓 was the unit
conversion factor (100).
Estimates of SOC in mineral horizons from FIA were calculated according to the formula
of O’Neill et al. (2005):
𝑆𝑂𝐶𝐹𝐼𝐴_𝑀𝑖𝑛𝑒𝑟𝑎𝑙 = 𝐶𝑖 ∗ 𝐵𝐷𝑖 ∗ 𝑡𝑖 ∗ 𝑢𝑐𝑓
Equation 5
Where 𝑆𝑂𝐶𝐹𝐼𝐴 was the total mass (Mg ha-1) of SOC in the 𝑖th layer, 𝐶𝑖 was the percent
organic C in the 𝑖th layer, 𝐵𝐷𝑖 was the bulk density calculated as mass per unit volume of soil (g
cm-3) in the 𝑖th layer, 𝑡𝑖 was the thickness (cm) of the 𝑖th soil layer, and the 𝑢𝑐𝑓 is the unit
conversion factor (i.e., 100).
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Influences of soil properties on SOC
In addition to quantifying SOC density from SSURGO, we also investigated the potential
correlation between selected soil attributes and SOC. The SSURGO database includes all soil
attributes (e.g., texture, parent material, and drainage class) that we were interested in for this
analysis. To evaluate the influence of parent materials on SOC, the SSURGO parent material
categories were aggregated into 7 categories for this analysis:1) till parent materials = ablation
till, lodgment till, meltout till, subglacial till, and supraglacial till; 2) outwash parent materials =
glaciofluvial deposits; 3) lacustrine parent materials = glaciolacustrine; 4) marine parent
materials = glaciomarine; 5) alluvial parent material = alluvium; 6) sand parent material = beach
sand and eolian sand; and 7) organic parent materials = herbaceous organic material and organic
material. For estimating land use effects on SOC, we calculated and scaled up the SOC for each
map unit in the SSURGO database using the methods described above.
For the RaCA database, only the relationship between SOC and soil drainage class was
analyzed, because texture and parent material data were not available.
The FIA program does not include variables for its sample pedons such as soil order,
drainage class, parent materials and direct measurements of sand, silt, and clay. We estimated
these properties for the FIA plots by entering plot coordinates in the USDA NRCS Web Soil
Survey (Soil Survey Staff, n.d.) to identify the soil map unit associated with each FIA plot
location. We then used soil attributes for that soil map unit to represent those characteristics of
the FIA plot in subsequent analysis.
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Using SOC sequestration to reduce net GHG emissions
In this study, the “4 per 1000” rate of soil C sequestration (Minasny et al. 2017) was
applied to calculations using each of the databases studied. The objective was to determine what
proportion of Maine greenhouse gases would be offset over 10 years at an accumulation rate of
0.4% SOC per year in both forest and agriculture land use types. The baseline for the calculation
of SOC accumulation in each database was SOC density in the uppermost 20 cm of soil. This
calculation could include surface O, Ap, A, and others (H1, H2, H3) as well as a portion of the
underlying mineral horizon where appropriate to achieve a standard 20 cm depth across all
databases and land uses for this example calculation.
Prior to calculation, SOC data from the SSURGO database was joined in a 10 m by 10 m
raster map that was available from the SSURGO metadata by map units. The raster map was
then combined with the 2016 NLCD to stratify SOC data by LULC classes. Map joining and
combining were conducted using ArcMap 10.6.1 (ESRI, 2018). Because RaCA was originally
designed to quantify SOC stock by LULC classes, LULC classes were available from the
database. The FIA database only samples forests. Across all databases, the forest LULC class
encompassed deciduous, evergreen, and mixed forests, in areas dominated by trees greater than 5
m tall and greater than 20% of total vegetation cover. The agricultural LULC class referred to
cultivated crops, with the coverage of crop accounting for greater than 20% of total vegetation.
The 0 to 20 cm depth SOC densities (Mg ha-1) were converted to SOC stock (Mg) by
LULC class for each database by multiplying the area of forests or agricultural land by the SOC
density for that LULC. We used the average annual Maine GHG emissions from 2012 to 2017 as
reported in the 8th Biennial Report on Progress Toward GHG Reduction Goals for Maine (Maine

13

Department of Environmental Protection, 2020) for these calculations. Maine’s mean GHG
emissions for the period averaged 18.09 million metric tons of CO2 equivalent (MMTCO2e).
Statistical analysis
Data were log-transformed when the assumption of normality and homogeneity of
variance were not fulfilled. A one-way unbalanced ANOVA was used to compare SOC densities
and concentrations by depth increment among databases. The SSURGO database provides mean
SOC measurements for 0 to 5 cm, 5 to 20 cm, 20 to 50 cm, 50 to 100 cm, 100 to 150 cm, and
150 to 200 cm depth increments from the surface of the soil. The RaCA database involves the
same depth increments as SSURGO but only to a 100 cm operational depth. For the FIA
database, SOC is taken as the forest floor metric that had an average 7.5 cm thickness. Below the
forest floor are the two standard FIA mineral soil depth increments, each of which is 10 cm deep.
The effects of drainage class and parent materials on SOC among and within databases were
tested using a two-way unbalanced ANOVA. The Tukey’s HSD post-hoc pairwise comparison
was performed to test means that were statistically different (p < 0.05). A Pearson linear
correlation analysis was used to evaluate the relationship between SOC and soil texture. We
conducted a Categorical Principal Component Analysis (CATPCA) to evaluate the contribution
of multiple independent factors on SOC density to 20 cm. All statistical analyses were conducted
using R v3.5.2 (R Development Core Team, 2019).
RESULTS AND DISCUSSION
Quantifying organic carbon in Maine soils
Table 2.2 shows statewide SOC densities among the three databases and each depth
increment available for each database. Only the upper 20 cm depth increment was available for
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comparison among all three databases. At upper 20 cm depth, statewide estimates of SOC ranged
from 39 to 95 Mg ha-1, with FIA being significantly lower (p < 0.001) than both SSURGO and
RaCA databases (Table 2.2). In the 0-20 cm depth increment, RaCA had the highest mean SOC
density of 95 Mg ha-1 ± SE 0.3, followed by SSURGO (77 Mg ha-1 ± SE 1.2), and FIA (39 Mg
ha-1 ± SE 2.2). There were no significant differences for comparisons between SSURGO and
RaCA if deeper pedon increments (e.g., 0-50 or 0-100 cm) were used. Only SSURGO data
extended to a potential 200 cm depth. These data suggest good agreement in SOC density data
between SSURGO and RaCA to 100 cm depth. This also highlights that, according to SSURGO
data using all Maine pedons, approximately 10% ± SE 0.2 of total pedon SOC to a depth of 200
cm is found below the 100 cm depth.
Table 2.2. Mean soil organic carbon (SOC) density for each database. Shown are the results of
Tukey’s HSD post-hoc pairwise comparison, means followed by the different lowercase letter
are significantly different at p < 0.05 among databases.
Statewide SOC Density†
Database

n

Mean

—— Mg ha-1 ——

Depth
0-20
cm

0-50

0-100

0-200

—————————— cm ——————————

SSURGO

1874

138

77 (1.2)a

135 (2.1)a

170 (3.5)a

200 (5.4)

RaCA

196

94

95 (0.3)a

141 (0.3)a

161 (0.3)a

-‡

FIA

194

20 (7.5)§

39 (2.2)b¶

-‡

-‡

-‡

† Values are weighted means ± SE, with SE shown in parentheses.
‡ No data available.
§ Value in parentheses represents the mean forest floor thickness in FIA.
¶ FIA sampled forest floor and mineral soil separately, value indicates SOC density estimated
from the top of the forest floor to 20 cm in the pedon.
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SSURGO protocols sample soil to a depth of 200 cm or bedrock, which resulted in a
mean total soil depth for Maine SSURGO data of 138 cm from the 1,874 pedons available
representing all land use types. The RaCA project sampled soils to 100 cm or bedrock, using the
same depth increments as SSURGO, but with a much smaller number of pedons (196) that were
sampled to an average depth of 94 cm. The number of pedons in the FIA database reflected the
distribution of FIA plots in Maine, which are distributed approximately one plot for every 38,450
ha of forest land. In theory, 195 pedons could have been sampled and analyzed in Maine, and in
practice, 194 pedons with complete soil data were realized in the FIA database and used in our
analysis. Figure 2.1 illustrates SOC concentrations by depth among the three databases used in
this study.
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Figure 2.1. The vertical distribution of SOC (g kg-1) concentrations for the three databases used
in this study. The points shown in the figure are mean SOC at midpoints of depth increments for
SSURGO (weighted by the area of each MUKEY), RaCA (weighted by the area of each LUGR),
and the mean of SOC at midpoints of depth increments without area weighting for FIA. Depth
increment characteristics are described in the Methods. Standard errors are shown as bars at each
data point, but most are too small to visualize in the graphic. The shape of the data points denotes
the different databases. For a given depth, data points with different fillings are significantly
different at p < 0.05. For example, the only depth increment where SOC concentrations for all
three databases were significantly different from each other was at the 5-20 cm depth increment,
which was the second depth increment from the surface.
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Generally, SOC concentrations for the three databases declined exponentially with depth
increment (Figure 2.1). The surface horizon for each database is represented by the uppermost
midpoint. For SSURGO and RaCA this represented the upper 5 cm depth increment. For FIA it
represented the forest floor, which we used as the surface organic horizon in place of a true O
horizon. Surface SOC concentration grand means for SSURGO, RaCA, and FIA were 329 g kg -1
± SE 3.7, 288 g kg-1 ± SE 2.5, and 444 g kg-1 ± SE 5.0, respectively. Not surprisingly, the highest
SOC concentration at the surface was found in FIA since this database includes forest floor
materials only. In SSURGO and RaCA, the surface 5 cm depth increment represents all surface
horizon soils that included both organic and mineral soils. Approximately 56% and 81% of the
surface soils were O horizons in the SSURGO and RaCA databases, respectively. FIA SOC
concentration decreased rapidly from the forest floor to the mineral horizon (Figure 2.1). This
reflects the high SOC concentration in the surface soil (i.e., forest floor), with the 0 to 10 cm
depth increment being predominantly a mineral soil. It is noteworthy that the first subsoil
increment, which was 0 to 10 cm (FIA), and 5 to 20 cm (SSURGO and RaCA), was the only
depth increment where SOC concentrations were significantly different among all three
databases. This could be important when considering the implications of soil health management
and policy decisions where the greatest impacts would be expected to shallow soils. The RaCA
SOC concentration at the second depth increment was highest due to the greater contribution of
O horizons (123 out of 196 pedons) in RaCA database.
SSURGO SOC concentration declined with depth to a point, then reached a relatively
consistent low concentration in the last three depth increments (50 to 200 cm) that overall
averaged 19 g kg-1 ± SE 1.8 SOC (Figure 2.1). SOC concentrations in deep soil horizons are
generally low, and can persist for up to thousands of years (Rumpel & Kögel-Knabner, 2011;

18

Schmidt et al., 2011). Several studies have reported that root litter inputs, root exudates, and C
transported as dissolved organic carbon (DOC) are the primary C sources contributing to SOC in
deep mineral soil horizons. Lorenz and Lal (2005) indicated that DOC was more strongly
adsorbed to mineral surfaces with increasing depth. Contributions of C from roots in deep soils
are extremely low. Fontaine et al. (2007) reported that fresh litter inputs by roots were 478 times
lower in the subsoils (60 to 80 cm) than in the surface soils on a grassland site. Decomposition of
deep SOC is also typically inhibited by low temperatures, excess moisture, and limited oxygen
(Jobbágy & Jackson, 2000; Rumpel, 2014). Neff and Asner (2001) reported that globally, DOC
leaching and accumulation in soils accounted for nearly 25% of the total soil C in temperate
forests, predominantly above 100 cm depth, while roots provided the remainder. In contrast,
Fröberg et al. (2007) found, in a 14C-enriched litter decomposition study, that litter-derived DOC
was largely retained by mineral horizons near the surface soil (<15 cm), with only a small
fraction of DOC being leached to deeper mineral soils. It should be noted that our reference to
deep soil here is in the context of the operationally defined two-meter depth in SSURGO, and
that soils can functionally be many meters deep (e.g., Richter & Markewitz, 1995).
Soil drainage class and SOC
At the upper 20 cm depth, very poorly drained (VPD) soils from SSURGO and RaCA
had significantly higher SOC densities compared to all other drainage classes (Figure 2.2a). The
poorly drained (PD), somewhat poorly drained (SPD), well drained (WD), and moderately well
drained (MWD) soils in the SSURGO database had similar SOC densities ranging from 73 Mg
ha-1 ± SE 1.4 to 187 Mg ha-1 ± SE 13.3, with no significant differences among these soil drainage
classes. In the SSURGO database, there were significant differences between somewhat
excessively drained (SED) (74 Mg ha-1 ± SE 1.6) and excessively drained (ED) (42 Mg ha-1 ± SE
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2.5) soils at 0-20 cm depth. The RaCA database had no significant differences among PD, SPD,
WD, MWD, and SED soils, while ED soils were significantly higher than other drainage classes.
In the FIA database, SOC density ranged from approximately 33 to 46 Mg ha-1, with no
statistically significant differences among drainage classes. It is possible that the lack of
significant differences among drainage classes for FIA could reflect the lack of land uses other
than forest in the database. It also could suggest a greater importance of inputs of SOC from net
primary production (NPP) in forests compared to outputs of SOC through decomposition in
VPD soils across all land use types.
SOC density from SSURGO and RaCA databases were comparable at the 0-100 depth
increment (Figure 2.2b). Not surprisingly, VPD soils from SSURGO and RaCA databases had
significantly higher SOC densities than all other drainage classes as discussed below. PD, SPD,
WMD, WD, and SED soils from SSURGO had similar SOC densities ranging from 131 Mg ha-1
± SE 3.0 to 166 Mg ha-1 ± SE 5.5 ED soils from SSURGO had the lowest SOC density (65 Mg
ha-1 ± SE 3.8) compared to all other drainage classes. PD soils from RaCA also had a
significantly higher SOC density (95 Mg ha-1 ± SE 24) than all other categories except SED
soils.
The high SOC density in VPD soils reflects slower rates of SOM decomposition, as well
as the dominance of Histosols in this soil drainage class (Figure 2.2c). The VPD soils in the
RaCA database had 50% more SOC than in the SSURGO database, reflecting the differences
between RaCA and SSURGO in the number of pedons from wetlands. For the RaCA database,
95% of the VPD soils were Histosols, where C-rich organic materials comprised the whole
pedon. In contrast, approximately 54% of VPD soils in the SSURGO database were Histosols,
and the rest were Inceptisols (38%), Entisols (7%), and Spodosols (1%) (Appendix A, Table A1).
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Maine Inceptisols are often characterized as forested mineral wetland soils and have much lower
SOC than Histosols, at least partly due to the extended aerobic periods at the soil surface that
facilitate SOM decomposition (Raymond et al., 2012). Results from the PCA analysis in
Appendix A, Table A2 shows that all SSURGO attributes studied (i.e., soil order, drainage class,
parent material, and texture) influence SOC density, and illustrates the relative strengths of each
factor in the determination of SOC density among the databases.
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Figure 2.2. Variations in SOC density (mean ± SE) at (a) 0-20 cm depth from SSURGO, RaCA,
and FIA databases, and (b) 0-100 cm depth from SSURGO and RaCA databases among
excessively drained (ED), somewhat excessively drained (SED), moderately well drained
(MWD), well drained (WD), somewhat poorly drained (SPD), poorly drained (PD), and very
poorly drained (VPD) drainage classes. Different lowercase letters indicate significant
differences among drainage classes within each database at p <0.05, and different uppercase
letters indicate significant differences among databases within each drainage class at p <0.05. (c)
The proportions of soil orders in each drainage class among SSURGO (S), RaCA (R), and FIA
(F) databases.

22

Many studies have reported that poor drainage results in a greater SOC stock, particularly
in the O horizons (e.g., Olsson et al., 2009; Strand et al., 2016). This is often attributed to poor
drainage decreasing rates of decomposition due to limited oxygen and water saturation, higher
plant and root litter productivity, and differences in litter distributions. However, Figure 2.2a and
2.2b shows that in the SSURGO database there were no significant differences in SOC density
among PD, SPD, WMD, and WD soils at 0-20 cm and 0-100 cm depth increments. Raymond et
al. (2012) reported similar results from their studies in a forested watershed in Maine. They
concluded that illuvial accumulations of SOC combined with greater belowground SOC inputs
from roots enhanced total SOC accumulations in MWD soils. In addition, in the SSURGO
database, SOC inputs from O horizons were represented by fewer pedons in PD and SPD soils
(20% and 18%, respectively) compared to WD and MWD soils (28% and 15%, respectively). As
presented in Figure 2.2a, ED soils in the SSURGO database had significantly lower SOC than all
other drainage classes. We attribute this to the greater proportion of ED soils in the SSURGO
database being coarse textured compared with other drainage classes, with approximately 76%
sand. Higher percent sand in soils results in decreases in specific surface area which in turn
limits SOC adsorption (Krull et al., 2001). In addition, the proportion of macropores, which were
defined as the large pores formed between individual sand grains, increases with increasing sand
content. Micropores protect SOC from decomposition by limiting microbial access, gas
diffusivity and water availability. In contrast, macropores increase the capability of decomposers
to reach SOC, and thereby decreases the potential stabilization of SOC (Bronick & Lal, 2005;
Krull et al., 2001). In addition, the high hydraulic conductivity of sandy textures that dominate in
ED soils can often result in soil moisture deficits, and thereby reduces plant growth by water and
nutrient limitations (Bronick & Lal, 2005), leading to decreased production of plant and root
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litter. In the RaCA database for Maine, there were 17 ED pedons, and 6 of them were Histosols
(Appendix A, Table A1). The 6 Histosol pedons were shallow Folists, which are freely drained
Histosols that consist primarily of O horizons resting on bedrock or fragmented material (Soil
Survey Staff, 1999). This explains the notably high SOC density for RaCA ED soils at both 0-20
cm and 0-100 cm depth increments, because decomposition outputs are slower than NPP inputs
of SOC in these high elevation Folist soils (Bockheim, 2002). Soil drainage classes were not
significantly different in SOC density from the FIA database. This could be partially a result of
the shallow sampling depth in FIA to only 20 cm, thereby limiting measurements to shallow
soils, and only 3% of total 186 FIA pedons in Maine were Histosols, and all were in the VPD
class (Appendix A, Table A1). We also investigated the SOC differences by horizon (i.e., forest
floor or O, 0 to 10 cm, and 10 to 20 cm) among drainage classes in FIA, but no significant
differences were observed. FIA, however, does not record drainage class information, therefore
we assigned drainage classes to FIA pedons based on their georeferenced position and properties
such as drainage classification from SSURGO. While this was a reasonable first approximation
of drainage class given the available data, the accuracy of the drainage class estimation was
likely inadequate for assigning plot-specific soil drainage classes in FIA leaving the importance
of soil drainage class to SOC unresolved.
Soil texture and SOC
We evaluated the influence of soil texture on SOC using the SSURGO database because
it included data on sand, silt, and clay. Descriptive statistics for soil texture for all soils from the
SSURGO database indicated that soils in Maine averaged 51% sand, 39% silt, and 10% clay.
According to the USDA soil textural triangle, the textural classes of soils in Maine ranged from
sand to silty clay loam, with the most common texture of Maine soils being sandy loam (44%).
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Pearson correlation coefficients were calculated for SOC concentrations with percentages of soil
separates for each horizon (Table 2.3).
Table 2.3. Correlation coefficient (r) and significance (p) between SOC concentration and soil
texture.
SOC
Horizon

n

Mean

SE

—— g kg-1 ——

Sand

Silt

Clay

———————— % ————————
r

p

r

p

r

p

A

395

54

0.9

0.24 0.00

-0.11 0.00

-0.55

0.00

Ap

386

32

0.4

-0.20 0.00

0.30 0.00

0.04

0.48

Bs

2172

25

0.2

-0.24 0.00

0.28 0.00

0.18

0.00

Bw

146

11

0.4

-0.60 0.00

0.68 0.00

0.40

0.00

Bg

282

13

0.4

0.00 1.00

0.18 0.01

-0.16

0.02

Bhs

416

52

0.4

-0.17 0.00

0.26 0.00

0.28

0.00

BC

1008

7.5

0.1

-0.12 0.00

0.13 0.00

0.08

0.00

As expected, in most instances SOC concentrations were higher in soils with lower
percent sand but higher percent silt or clay (Araujo et al., 2017; Plante et al., 2006). These results
are consistent with the relationship between particle size and surface area. The total amount of
soil surface area is typically positively correlated with the concentration of clay and fine silt,
suggesting that the higher surface area with higher clay and silt concentration tends to enhance
the adsorption capacity of colloidal materials for soluble SOC compounds (Araujo et al., 2017;
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Zinn et al., 2007). In addition, micropores between clay particles are often small enough to
exclude hydrolytic enzymes and thus protect SOC from biological attack (Mayer, 1994). Another
mechanism dominating SOC retention is the adsorption of SOC by ligand exchanges with Fe and
Al oxides on reactive mineral surfaces (Kramer & Chadwick, 2018). A close relationship
between Fe and Al oxides and clay content has been reported in the literature, with the relative
abundance of Fe and Al oxides being positively correlated with the content of clay (Galvão et al.,
2001; Gonçalves et al., 2017). In addition, adsorption of SOC by Fe and Al oxides is even
stronger in acidic soils, because a higher positive charge on Fe and Al oxides is formed as pH
decreases below the point of zero charge (Porras et al., 2017). As already mentioned,
approximately 89.1% of the Maine land area is covered by forests (Butler, 2018), with most of
these forest soils having relatively high acidity. Approximately 69% of Maine soils are
Spodosols based on SSURGO. For the three mineral soil orders found in Maine, we calculated
that Spodosols had the greatest accumulation of extractable Fe and Al in the B horizons
(Appendix A, Table A3). Therefore, we suggest that Fe and Al oxides may dominate SOC
retention in Maine forest soils. Our suggestion is consistent with Zhao et al. (2016), who
investigated the variability of Fe-bound SOC in 14 forests from 9 states in the United States.
They reported that acidic forest soils in Maine had the highest fraction of Fe-bound SOC (57.8%)
compared to other states. Soil aggregation is also associated with clay content. Higher clay
contents typically have higher soil aggregation, which directly affects SOC by occluding SOC
within soil aggregates, making SOC unavailable for microbial degradation (Plante et al., 2006).
Although glaciated soils in Maine have a relatively low clay concentration (10%) compared to
soils around the world, the correlations between SOC and these small amounts of clay also
suggest that clay still has important influences on SOC adsorption. In addition, the correlations
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between silt and SOC suggest that silt may have even stronger effects on SOC adsorption in
Maine glaciated soils.
A noteworthy exception to the trend for positive correlations between SOC and silt and
clay was evident in the A horizon. Table 2.3 shows that the highest SOC concentration of 54 g
kg-1 ± SE 0.9 was observed in the A horizon, and the SOC concentration was positively
correlated with sand and negatively correlated with silt and clay, with clay having the strongest
negative correlation of those reported. The particulate organic matter (POM), light fraction (LF),
and other unprotected SOC fractions composed of plant tissues dominate C concentration in the
forest soil surface horizons (Six et al., 2002; Stewart et al., 2009). Several studies found that the
value of POM was very high in the forest A horizons, with approximately 52% of the total SOC
stored in A horizons found to be represented by POM (Hedde et al., 2008; John et al., 2005).
This can be greatly attributed to the higher sand concentrations in the A horizons that provide
more macropore spaces for POM accumulation leading to a positive correlation between POM
and sand (Liang et al., 2003). We suggest that a similar association between POM and sand
particles, or the porosity associated with sand particles, dominates SOC retention in the A
horizon of soils from our sample population. Our assumption is supported by Rumpel et al.
(2004), who used C enrichment factors to compare the C distribution in the particle size fractions
from soil horizons in two different forest soil types. They found that horizons with higher sand
fractions showed higher SOC enrichment, which they interpreted to be due to a higher
contribution of POM.
The Bw, Bg, and BC horizons had relatively low concentrations of SOC (Table 2.3), and
therefore these correlations represented only a narrow range of SOC variation. Although SOC
concentration in the Bw horizon was positively correlated with clay, the positive correlation with
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silt was even stronger. This could reflect the influence surficial geology of these soil parent
materials has on soil texture. In Maine, there were 146 pedons that had Bw horizons with parent
materials ranging from glaciomarine deposits to glaciofluvial deposits, till, and alluvium.
Glaciomarine deposits were the most abundant (53%) parent material for Bw horizons
(Appendix A, Table A4). Glaciomarine parent materials also had the highest whole pedon silt
(54% ± SE 0.7) and clay (36% ± SE 0.7) concentrations of all parent materials. This resulted in
the Bw horizon having the highest silt concentration of all horizons in this analysis, and therefore
a relatively strong correlation between SOC and silt. Righi et al. (1999) stated that the weak
development evident in Bw horizons primarily resulted from slow weathering processes that they
attributed to parent material mineralogy. They pointed out that, although the weathering process
is less advanced with less secondary clay development, Fe and Al oxides also contributed to the
retention of SOC translocated from the A or E horizons to Bw horizons. Therefore, SOC
retention in the Bw horizon likely reflects the influence of both a higher percent silt and
associated secondary Fe and Al oxides. A positive although weak correlation was also evident
between SOC concentration and silt in the Bg horizons. The presence of a Bg horizon indicates
impeded soil drainage, and represents a zone where Fe is depleted due to anaerobic conditions.
This reduces C retention by mineral association with Fe oxides. However, the Bg horizon had the
second highest silt concentration (47% ± SE 0.6) of all horizons, which likely resulted in the
weak but significant positive correlation between SOC and silt. All Bg horizons in the Maine
SSURGO database were in SPD, PD, or VPD soils. The BC horizon had the lowest SOC
concentration and showed weak correlations with soil separates.
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Soil parent material and SOC
Glacial retreat in Maine ~ 12,500 years ago progressed from the southeast to the
northwest, resulting in Maine soils forming in glacially derived parent materials along with
organic deposits and recent alluvium (Ferwerda et al., 1997).
As expected, SOC densities were significantly higher in soils developed on organic
deposits compared to all other parent materials (Figure 2.3). Soils formed from alluvial deposits
had the second highest SOC density compared to all other parent materials and were
approximately 22% of the SOC density compared to organic soils. Alluvial SOC was
significantly greater than all other mineral parent materials except marine. Soils derived from
glacial deposits (e.g. till, outwash, lacustrine, and marine) had SOC densities ranging from
approximately 172 to 189 Mg ha-1, with no significant differences among these categories. Not
surprisingly, eolian sand had the lowest SOC density.
As was evident for the alluvial parent material soils, the presence of an O horizon is
important to whole-pedon SOC densities. This is particularly true in a heavily forested state like
Maine. These C-rich surface horizons are vulnerable to human and natural perturbations, and can
take decades to centuries to recover (Yanai et al., 2003). As represented in the SSURGO
database, approximately 67% of till-derived pedons had O horizons that accounted for
approximately 13% of total SOC density. Approximately 72% of the marine-derived pedons had
O horizons, which accounted for 9% of total pedon SOC density. Half of the coarser textured
outwash-derived pedons had O horizons, with 34% of SOC in the O horizon. Lacustrine derived
pedons had few O horizons, indicating that most SOC was stored in mineral soils, and none of
the coarse sand derived pedons had O horizons, with their small SOC densities being stored in
mineral soils. Soil depth also influenced SOC densities. In the SSURGO database, till parent
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material soils had the shallowest soil depth (130 cm), which was significantly less than other
parent materials. Soils derived from alluvial, organic, and sand parent materials had a similar
range of depth from approximately 157 to 164 cm, with no significant differences among these
categories.
Figure 2.3. Variation in SOC density (mean for whole pedons ± SE) among parent materials for
the SSURGO database. The dark shaded segments represent SOC densities for surface O
horizon. The light shaded segments represent the SOC densities for surface and subsurface
mineral horizons with the exception of organic parent material soils where all horizons were
organic soil materials. Means followed by the different lowercase letter are significantly different
at p < 0.05 among soil parent materials.
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Example GHG calculation for Maine: 4 per mille
Since the Paris Agreement (United Nations Convention on Climate Change, 2015), there
has been a growing interest in the role that Natural Climate Solutions (NCS) (Griscom et al.,
2017) could play in our strategy to reduce emissions of GHGs and their atmospheric
concentrations. Specifically, how can increasing soil C density contribute to keeping below an
atmospheric CO2 concentration consistent with the goal of limiting global temperature increase
to below 2℃. Management alternatives to enhance soil C sequestration could be applied at a
large enough scale to be meaningful although implementation is subject to various
socioeconomic constraints (Paustian et al., 2016). Griscom et al. (2017) described the influence
of NCSs across global forests, wetlands, grasslands, and agricultural lands (i.e., 20 natural
climate solution strategies utilizing conservation, restoration, and improved land management
that increase SOC storage) on reducing GHG emissions and atmospheric concentrations. They
found that the maximum mitigation potential of NCSs, expressed as equivalents of CO2 (i.e.,
CO2e), was 23.8 Pg CO2e yr-1, and half of this maximum was cost-effective. In addition, the
French government launched an international initiative “4 per 1000” in 2015, with the goal of
increasing soil C density at an annual rate of 0.4% SOC to offset global GHG emissions.
Recently, Maine passed legislation to aggressively reduce GHG emissions and is also looking to
NCSs to contribute to reducing atmospheric concentrations of GHGs. In this study, an example
calculation using the “4 per 1000” rate of SOC accumulation was carried out using each of the
databases studied, with the results compared to the average Maine GHG emissions between 2012
and 2017. The “4 per 1000” calculation was not intended to reflect the pedological processes
outlined above affecting SOC accumulation. The objective here was to illustrate the potential
magnitude of SOC sequestration in mitigating Maine GHG emissions over a decade, and
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focusing on the uppermost soil (top 20 cm) that is most impacted by management decisions.
Table 2.4 shows the results of this exercise.
Table 2.4. Proportion of Maine GHG emissions represented by potential SOC accumulation in
the top 20 cm over a ten-year period.
Database

Forest Surface soils

Agricultural Surface soils

Total

———————————— % ——————————————
SSURGO

32

0.5

32.5

RaCA

37

0.4

37.4

FIA

18

-†

18.2

† Estimate of GHG emissions offset by agricultural surface soils is not available for FIA as it
measures forests only.

We calculated that using the SSURGO database, forest surface soils would offset
approximately 32% of GHG emissions at an annual increase of 0.4% total soil C over a decade,
and agricultural surface soils would offset 0.5% of GHG emissions (Table 2.4). For the RaCA
database, 37% and 0.4 % of GHG emissions were offset for forest and agricultural surface soils,
respectively (Table 2.4). The FIA database estimate was 18% GHG offset for forest surface soils
(Table 2.4). Given the extent of the forest land use type in Maine, this contrast between forest
and agricultural land use offsets is not surprising. Although the rate of increase in surface soil C
in agriculture would have only a small contribution to C sequestration compared to emissions,
this rate of increase in soil health characteristics would likely have significant positive effects on
productivity and other ecosystem services. Jemison et al. (2019) demonstrated these positive soil
health effects in a study of 14 dairy farms in Maine. They also showed that meaningful changes
in SOC were evident after at least 12 years of no-till practice. There is limited literature on forest
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management effects on ecosystem C in Maine forests. A recent study by Puhlick et al. (2019)
evaluated the effects of site quality, disturbance, and vegetation on carbon storage and
accumulation in old, mixed-species forests in central Maine. They showed that significant SOC
changes were evident on a decadal timeframe between 1954 to 2012.
The “4 per 1000”, or 0.4% rate of SOC increase, was calculated from how much SOC
would need to increase annually to a depth of 2 m to offset global fossil fuel GHG emissions.
Using the SSURGO database we calculated that Maine soils contain 1.8 Pg of SOC to a 200 cm
depth. If we calculate the necessary rate of SOC increase in all Maine soils required to offset
annual Maine GHG emissions, similar to the global calculation, we find Maine would require a
0.27% annual increase in SOC. This would be an ambitious rate of SOC increase in managed
surface soils (e.g., Ap horizons) but an unrealistic annual rate for the whole pedon to a 200 cm
depth.
These calculations demonstrate both the value of these soil databases in estimating the
potential role of soils in soil C management and policy decisions, as well as the importance of
understanding the characteristics of each database to appropriately interpret their relative
strengths and weaknesses.
CONCLUSIONS
We found that the estimates of SOC for Maine varied in important ways reflecting the
characteristics of different databases. SSURGO, RaCA, and FIA all share a similarity in that they
are high-quality data collected using explicit methods in connection with rigorous quality
assurance. Variations in estimates of SOC reflected differences in program design and sampling
protocols used by each program, and data users can benefit from the extensive documentation
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that should be considered in the utilization of these data. However, differences in the databases
highlight the importance of users being clear on their objectives, the choice of soil database used,
and their interpretation of the results. The SSURGO database is the most comprehensive, with
1,874 pedons sampled by soil type from throughout Maine to a depth of 200 cm, resulting 1.8 Pg
of SOC estimated in Maine soils.
Because of the extent of the soil data encompassed, SSURGO is the best choice for a
statewide estimate of SOC. In addition, more than 95% of the nationwide SSURGO data are
available and increasingly accessible from the Web Soil Survey. The USDA NRCS also carried
out the RaCA project designed to quantitatively estimate SOC stocks in the U.S. under different
land uses. The RaCA project assigned in situ soil sampling according to established groups
representing specific combinations of land use and soil type. Even though the RaCA database
contained far fewer sampled pedons than SSURGO, the pedon sampling better represented
specific land use and soil type combinations compared to SSURGO, that was sampled based
only on soil type. To a depth of 100 cm, SSURGO and RaCA had similar SOC densities,
although significant differences existed at shallow depths, that could be important for
management and policy. The FIA database provides high-quality data specifically for forest
soils, although a drawback is that true O horizons are not differentiated from FIA forest floor
measurements, and mineral soil sampling is only to 20 cm depth, limiting our ability to estimate
SOC. The FIA is the only database that was designed to include a monitoring objective with
systematic measurements over time. To date, soil has only been sampled during the early 2000s
in the FIA program, with subsequent data modeled based on aboveground biomass. The FIA data
are particularly valuable in Maine given the dominance of this forest land use type. The
possibility of periodic measurements over time in FIA gives this database the potential to
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evaluate the impacts of management and environmental stressors on forest change. All of these
databases represent a significant public investment in understanding the soil resource, with
tremendous value to users informed by the specific characteristics of each database. This has
never been more important than in the current era of growing attention to soil health, and the
emerging emphasis on NCS to reduce atmospheric concentrations of GHGs.
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CHAPTER 3
CHEMICAL RESPONSE OF SOILS TO TRADITIONAL AND
INDUSTRIAL BYPRODUCT WOOD BIOCHARS

ABSTRACT
Soil degradation and a global focus on carbon sequestration in soils have resulted in
growing societal interest in soil health practices. Biochar has a high carbon content, porosity, pH,
and cation exchange capacity that benefit soil properties. Here we described a two-week
incubation study that aims to evaluate the influences of biochar additions on representative forest
organic, forest mineral, blueberry, potato, and mixed vegetable soils from Maine, USA. The
experiment consisted of amendments of either a lime stabilized industrial byproduct softwood
pulp biochar (SPB) or pine wood biochar (PB) at application rates equivalent to 0, 5, 10, 25, 50,
and 100 t ha-1. Here we report influences of biochar addition on soil pH, loss-on-ignition, water
holding capacity, and extractable base cations. In general, both SPB and PB amendments
increased the value of these soil properties in all mineral soils studied, with significant increases
often being found at a rate of 100 t ha-1. Forest organic soils, however, were more variable
attributable to the high organic carbon concentration of this substrate. Soil response to SPB
amendments was strongly influenced by the lime component, although few significant
differences were found between SPB and PB amended soils. Analysis of CO2 emissions from
SPB amendments due to lime dissolution and acid neutralization represented less than 3% of the
total carbon added in SPB treated soils, leaving SPB and PB both important potential soil
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amendments. This suggests that both traditional and industrial byproduct biochars have potential
for soil health and carbon sequestration management goals.
INTRODUCTION
Globally, soil degradation derived from climate change and human activities has resulted
in the deterioration of soil health due to impacts that include soil erosion, nutrient depletion,
declines in soil organic matter, and compaction (Olsson et al. 2019). Therefore, there is growing
societal interest in soil health management by implementing sustainable soil management
practices that help build functional soil by affecting soil properties and particularly organic
matter content.
Biochar, a solid material produced from the slow pyrolysis of biomass under oxygenlimited conditions, is often characterized by a high carbon (C) content, porosity, surface area,
pH, and cation exchange capacity (CEC) (Lehmann & Joseph, 2009; Cha et al., 2016).
Accordingly, biochar has been widely used as a soil amendment to improve soil physical,
chemical, and biological properties, but the magnitudes of change found are strongly influenced
by the type of biochar feedstock, application rates, and soil types (Laghari et al., 2015; Bilgili et
al., 2019; Verheijen et al., 2019). For example, Blanco-Canqui (2017) reviewed influences of
biochar addition on soil physical properties and reported that biochar application reduced bulk
density an average of 12%, and increased porosity by 2 to 41%, and as a consequence, they
found increases in plant available water of 4 to 130%. Soil pH and cation exchange capacity
(CEC) are two commonly measured soil health indicators following a biochar application.
Agbede et al. (2020) reported that the application of hardwood biochar at a rate of 30 t ha-1 to
Alfisols increased soil pH by 1.37 units. This agrees with Laird et al. (2010a), who found that the
application of biochar to Mesic Typic Hapludolls increased pH values up to 1 pH unit. El-Naggar
37

et al. (2018) treated sandy loam and sandy soils with 30 t ha-1 of silver grass biochar, paddy
straw biochar, or umbrella tree wood biochar. They found that for sandy soils, CEC increased by
906%, 180%, and 130%, respectively; however, for the sandy loam soils, only paddy straw
biochar treated soils had an increase of CEC and only by 13%. In addition, biochar can also
decrease nutrient losses by adsorbing inorganic nutrients due to its high surface derived resulting
from a high porosity. Enhanced nutrient retention leads to increased soil nutrient availability and

reduces water contamination. Laird et al. (2010b) investigated the influence of biochar
application on nutrient losses in a typical Midwestern agricultural soil. They found that the
application of biochar at 20 g kg-1 soil reduced total N and total dissolved P leaching by 11% and
69%, respectively. Cole et al. (2019) reported that adding sugar maple biochar to a Fluvaquentic
Dystrudept soil increased the concentration of extractable P by 45%. Studies have shown that
biochar addition can also provide habitat and nutrients for microbial growth (Laghari et al., 2016;
Zhu et al., 2017), and stimulate microbial diversity and activity (Lehmann et al., 2011).
A wide range of intensive forest management practices, such as chemical fertilization and
understory removal, have been found to decrease soil pH and the soil C pool (Li et al., 2014). A
limited amount of research has demonstrated that biochar application enhances soil properties
and C storage in forest ecosystems (Li et al., 2018; Maestrini et al., 2014). However, forest soils
are different in significant ways from agricultural soils, that often includes a high C storage to
start with and a different microbial community, making the direct application of biochar
knowledge from agriculture not directly applicable in forest settings (Luo et al., 2016).
Since the Paris Climate Agreement declared a goal of limiting global temperature
increase to below 2 ℃ (UNFCCC, 2015), there has been growing interest in the role that natural
climate solutions (NCS) could play in reducing atmospheric greenhouse gas concentrations. The
38

high C content and slow rate of decomposition of biochar makes it potentially one of the most
effective NCS for sequestering C in soils. This has been particularly evident in the literature
about agricultural pathways (i.e., nutrient management and conservation agriculture). For
example, Griscom et al. (2017) reported that biochar application to agricultural soils could be
superior to other NCS by offering the largest maximum climate mitigation potential of 1.16
PgCO2e yr-1 within the next decade to hold global temperature rise to below 2 ℃. Given the
potential for biochar applications to enhance soil health and provide a means for GHG emissions
mitigation, there is increasing interest in using biochar as a soil amendment.
In Maine, USA there is a recent escalation in efforts to address climate change and
mitigate greenhouse gas concentrations while building climate resilience in natural systems.
There are also several efforts underway to utilize Maine’s extensive forest resources for
traditional and novel products, some of which produce a biochar byproduct. Therefore, in this
study, we were interested in determining the effects of two different biochar amendments on
several representative soils from Maine. The objectives of this study were to: (1) compare
responses of soil properties (i.e., pH, soil moisture retention, base cations, and total carbon) to
biochar amendments, (2) compare soil responses to two different biochars, and (3) evaluate net C
benefit of biochar application.
MATERIALS AND METHODS
Soil and biochar
For this study, five soils representing four different management objectives and soil types
were sampled from different field locations in Maine (Figure 3.1, Table 3.1). The selected soils
represented major land uses for Maine that included a forest soil, and soils from three primary
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crops in Maine: potatoes, lowbush blueberries, and mixed vegetables. Generally, several ongoing
soil health issues (e.g., water holding capacity and nutrient loss) existed in these soils, with
moisture stress and phosphorous (P) leaching to surface waters being particularly serious for
blueberry and potato soils, respectively (Sharma et al., 2017; ME DEP, 2017). The soils used in
this study were sampled from the surface Ap horizons (0-20 cm), except for the forest soil where
the surface O and subsurface B horizon soil materials were sampled individually. The forest O
horizon included the whole surface horizon made up of organic soil materials, and the forest B
horizon included material from the surface of the mineral soil beneath the O horizon to a 20 cm
depth. All soil samples were air-dried, sieved (2 mm sieve for mineral soils and 6 mm sieve for
organic soils), and homogenized before subsampling for subsequent analysis.
Figure 3.1. Locations of soil sample sites in Maine, USA.
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Table 3.1. Characteristics of the selected soils. Soil classification and soil texture were obtained
from the USDA NRCS Web Soil Survey (Soil Survey Staff, 2020), and the pH of soils was
measured in deionized water (1:2) using a pH meter.

Soil
Forest
organic
Forest
mineral
Blueberry
Potato

Vegetable

Source
Bear Brook
Watershed

Taxonomy
Classification

Horizon
O
B

Coarse-loamy mixed
frigid Typic
Haplorthods

Texture

pH

Organic

3.6 ± 0.2

Sandy loam

4.4 ± 0.1

Blueberry Hill
Farm

Ap

Sandy-skeletal, isotic,
frigid Typic
Haplorthods

Very fine sandy
loam

4.6 ± 0.1

Aroostook Farm

Ap

Fine-loamy mixed frigid
Typic Haplorthods

Gravelly loam

5.8 ± 0.2

Rogers Farm

Ap

Fine-silty, mixed,
semiactive, nonacid,
frigid Aeric Epiaquepts

Gravelly sandy
loam

6.3 ± 0.1

Softwood pulp biochar (SPB) and pine wood biochar (PB) were used in this study and
were obtained from the Forest Bioproducts Research Institute at the University of Maine. SPB
was derived from the acid hydrolysis and dehydration of softwood pulp at 200 ℃ for 30 minutes,
while PB was produced from pyrolysis of pine wood at 500 ℃ for 30 minutes. The SPB was a
byproduct of a renewable fuel production process that was developed at the University of Maine
to produce liquid biofuels from wood. In this process, the wood biomass was treated with
sulfuric acid (H2SO4) to produce organic acids (i.e., levulinic acid and formic acid) that were
subsequently processed to produce renewable fuels, while the hemicellulose and lignin
components of the wood were turned into biochar as a byproduct (Gunukula et al., 2018).
Therefore, the raw SPB was extremely acidic (pH<1.5) and a hazardous waste according to the
US Environmental Protection Agency (EPA), where they define hazardous waste as residuals
with pH less than 2 or above 12.5 (US EPA, 2019). Accordingly, it was necessary to lime the
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biochar in order to raise the pH of the raw SPB to above 2 before utilization. In this study the
raw SPB used was limed with calcium carbonate (CaCO3) to a target pH of 6.5 before being used
as a soil amendment. All biochars were then air-dried, sieved through 2 mm mesh, and
homogenized before laboratory analysis. Subsamples of each biochar were oven-dried at 105 ℃
for 24 h to determine gravimetric moisture content, followed by combustion at 450 ℃ for 12 h to
determine soil organic matter (SOM) by loss-on-ignition (LOI; %). pH was measured in
deionized water (5 g biochar to 10 ml deionized water) using a pH meter (Thermo Scientific
Accumet AR 15). Total carbon (C) and total nitrogen (N) were measured by the dry combustion
method using a LECO TruMac CN analyzer at the Maine Agricultural and Forest Experiment
Station (MAFES) Analytical Laboratory. Chemical characteristics of the treated biochar are
shown in Table 3.2.
Table 3.2. Chemical properties of softwood pulp biochar (SPB) and pine wood biochar (PB)
used in the incubation.
Chemical Properties

Softwood Pulp Biochar

Pine Wood Biochar

pH

6.5 ± 0.01

6.8 ± 0.02

LOI (%)

99.2 ± 2.4

83.6 ± 1.2

Total C (%)

57.8 ± 2.0

53.7 ± 0.2

Total N (%)

0.03 ± 0.02

0.13 ± 0.01

Water content (%)

3.17 ± 0.13

7.08 ± 0.19

Treatments and sample preparation
The two biochars (SPB and PB) were applied at equivalent rates of 0, 5, 10, 25, 50, and
100 t ha-1 and mixed with the five selected soils with three replicates for each treatment. This
resulted in 60 treatments and a total of 180 experimental units. Prior to filling the plastic cups (10
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cm height × 8 cm top diameter) with soil and biochar mixes, a hole (1.5 cm in diameter) was
drilled in the bottom of each cup to provide for drainage of excess water, and a piece of filter
paper (Whatman #1) covered the hole to prevent soil loss. Each treatment was fully mixed, and
the plastic cups were filled with soil and biochar mixes with gentle tapping to approximate a
comparable density among the experimental units. After filling the cups, deionized water (~ 100
ml) was added to all experimental units to fully saturate soils and then they were allowed to
freely drain for 24 h. The cups were then covered with perforated Parafilm (Bemis Company,
Inc.) to allow air circulation while limiting water loss to evaporation. After excess water had
drained, the cups were incubated for two weeks in a laboratory at the University of Maine.
Measurement of soil properties
Water holding capacity (WHC) of soil and biochar mixes was determined
gravimetrically. During sample preparation, weights of the plastic cup, filter paper, and Parafilm
that were paired with each soil and biochar mix were recorded. The total weight of the unit
(plastic cup, filter paper, Parafilm, and soil biochar mix) was then recorded before wetting and
after 24 h of free drainage. WHC was calculated as the weight of water retained in each soil and
biochar mix divided by the weight of soil and biochar times 100. At the end of the incubation, all
samples were air-dried. pH was determined in a 1:2 soil:water ratio and measured using a pH
meter (Thermo Scientific Accumet AR 15) equipped with a combination electrode (Thermo
Scientific Orion Ross Ultra).
SOM was estimated by loss-on-ignition at 450 ℃ in a muffle furnace for 12 h.
Exchangeable cations (K, Ca, Na, Mg, Al, Fe, Mn, and Zn) were determined by extracting 2 g of
organic soil or 5 g of mineral soil with 100 ml 1M NH4Cl, shaking for 1 h, and then filtering
through Whatman #42 filter paper. In order to prevent microbial growth, concentrated HCl was
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added to these extracts, which were then refrigerated (<4 ℃) until analysis by ICP-OES (Thermo
Electron iCAP 6300) at the Maine Agricultural and Forest Experiment Station (MAFES)

Analytical Laboratory.
CO2 emissions from CaCO3 dissolution and acid neutralization
In this study, the raw SPB was limed with CaCO3 before utilization as a soil amendment.
When limed SPB is applied to soil, CaCO3 in SPB would undergo gradual dissolution with
subsequent acid neutralization reactions resulting in CO2 emissions to the atmosphere. In this
study we estimated the amount of CO2 that was released from the reaction with CaCO3 during
the two-week incubation based on the soil lime requirement test results before and after
incubation. The lime requirement test that we used was the buffered Lime Index 2 (Mehlich,
1976) that estimates lime application rates necessary to increase soil pH to 6.5. Soil
exchangeable acidity was then calculated according to Hoskins (1997):
51.8 − (2.77 × 𝑠𝑜𝑖𝑙 𝑝𝐻) − (5.38 × 𝐿𝑖𝑚𝑒 𝐼𝑛𝑑𝑒𝑥 2)
Equation 6
Consequently, the amount of CaCO3 in SPB that was consumed in the acid neutralization
reactions during the incubation was estimated as the differences in exchangeable acidity at
control and each specific rate. Given the description above, CaCO3 consumption in acid
neutralization and the subsequent CO2 emission at any application rate were calculated using the
following equations:
𝐶𝑎𝐶𝑂3 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = (𝐴𝑐𝑡𝑟𝑡. − 𝐴𝑐𝑐𝑡𝑟𝑙. ) × 𝑢𝑐𝑓
𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 𝐶𝑎𝐶𝑂3 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 × 𝐶𝑚𝑎𝑠𝑠
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Equation 7
Where 𝐶𝑎𝐶𝑂3 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑛𝑑 was the total amount of CaCO3 (g kg-1) consumed in acid
neutralization reactions, 𝐴𝑐𝑡𝑟𝑡. and 𝐴𝑐𝑐𝑡𝑟𝑙. was the exchangeable acidity (mmol kg-1) at a specific
application rate and for the control, respectively, 𝑢𝑐𝑓 was the unit conversion factor (i.e., 0.05),
𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 was the total CO2 (g C kg-1 soil ) emitted, and 𝐶𝑚𝑎𝑠𝑠 was the percent mass of C
in CaCO3 (i.e., 12%).
Statistical analysis
A mixed effect three-way analysis of variance (ANOVA) was used to assess the
interaction effect of biochar type, rate, and soil type on OM, pH, WHC, exchangeable base
cations, and CO2 emissions due to acid neutralization. Prior to variance analysis, data were logtransformed when the assumptions of normality and homogeneity of variance were not satisfied.
The Tukey's HSD post-hoc pairwise comparison test was used to test differences among
treatment means at a 95% significance level (p < 0.05). All statistical analyses were conducted
using R version 3.6.3 (R Development Core Team, 2020).

RESULTS
Effects of biochar on soil pH
As expected, both SPB and PB amendments significantly increased soil pH and in all
cases, pH increased with increasing rates of biochar amendment (Figure 3.2). On average, SPB
increased soil pH by 1.55, 0.23, 0.69, 0.36, and 0.23 pH units for forest organic, forest mineral,
blueberry, potato, and vegetable soil, respectively. PB amendments increased soil pH by 1.14,
0.26, 0.51, 0.50, and 0.29 pH units, respectively. Although biochar additions increased pH for
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both types of biochar at each rate, few significant differences in soil pH were observed between
SPB and PB at any specific rate. The exceptions were for forest organic soil where SPB at 25 t
ha-1 and 50 t ha-1 resulted in a significantly higher pH than that of PB at the same rate, and
vegetable soils with a significantly lower pH following SPB amendment at 100 t ha-1 compared
to that of PB.
Figure 3.2. Effects of softwood pulp biochar (SPB) and pine wood biochar (PB) application
rates on soil pH measured in a two-week incubation. Standard errors are shown as bars at each
data point, although most error bars are too small to visualize in the graphic.

Effects of biochar on soil loss-on-ignition results
Overall, LOI increased with SPB and PB amendments for all mineral soil materials
studied (Figure 3.3). The maximum increases in LOI with SPB amendments in forest mineral,
blueberry, potato, and vegetable soils all occurred at 100 t ha-1 and increases were 17.3%, 40.0%,
115.4%, and 62.9%, respectively. The maximum increases in LOI with PB amendments in forest
mineral, blueberry, potato, and vegetable soils also all occurred at 100 t ha-1 and were 18.2%,
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65.1%, 127.9%, and 59.5%, respectively. For blueberry, potato, and vegetable soil, LOI
generally increased with increasing biochar rates but only SPB and PB applied at 100 t ha-1 were
significantly different from any other rate. No other significant differences existed among rates.
A similar trend was evident for the forest mineral soil but none of the rates were significantly
different from each other. There were no significant differences between SPB and PB at any
specific rate for all mineral soils.
Figure 3.3. Effects of softwood pulp biochar (SPB) and pine wood biochar (PB) application
rates on soil LOI (%) in a two-week incubation. Standard errors are shown as bars at each data
point, although most error bars are too small to visualize in the graphic.

In contrast, LOI in the forest organic soil declined with increasing rates of SPB
amendments but only the 50 t ha-1 and 100 t ha-1 rates were significantly different from all other
rates (Figure 3.3). SPB applied at 50 t ha-1 and 100 t ha-1 significantly decreased LOI in forest
organic soil compared to the control by 7.1% and 6.0%, respectively. Similarly, LOI in forest
organic soil decreased with PB amendments but there were no significant differences among
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rates. LOI in forest organic soil was higher with PB compared to SPB amendments at all rates
but only at 25 t ha-1 or higher were the differences statistically significant.
Effects of biochar on soil water holding capacity
As shown in Figure 3.4, SPB amendments increased WHC in forest mineral, blueberry,
potato, and vegetable soil but there were no significant differences among rates. For forest
mineral, blueberry, and vegetable soils, SPB applied at 100 t ha-1 resulted in maximum increases
in WHC by 6.1%, 12.5%, and 8.3%, respectively. For potato soil, the maximum increase in
WHC occurred at 50 t ha-1 and was 9.9%. Similarly, PB amendments increased WHC in
blueberry, potato, and vegetable soils. The largest increases in WHC with PB amendments in
blueberry, potato, and vegetable soils were statistically significant at 100 t ha-1 and the increases
were 38.0%, 32.6%, and 24.6%, respectively. This was not the case in forest mineral soil where
the overall trend of WHC decreased with PB but none of the rates were significantly different
from each other. The maximum decrease in forest mineral soil WHC was 6.9% treated with 25 t
ha-1 of PB. Few significant differences were observed in WHC between SPB and PB at any
specific rate. The one exception was for the potato soil where 100 t ha-1 of PB resulted in
significantly greater WHC than that of SPB at the same rate.
In contrast, forest organic soil WHC significantly decreased with increasing SPB
application rates, with the largest decrease of 28.7% occurring at 100 t ha-1 (Figure 3.4). Overall,
forest organic soil WHC with PB amendments showed only small and inconsistent nonsignificant differences from the control. The forest organic soil WHC was higher with PB
compared to SPB amendments, but only PB applied at 10 t ha-1 or higher were significant at the
same rate.
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Figure 3.4. Effects of elevated softwood pulp biochar (SPB) and pine wood biochar (PB)
application rates on soil WHC (g g-1) in a two-week incubation. Standard errors are shown as
bars at each data point, although most error bars are too small to visualize in the graphic.

Effects of biochar on base cations
For all mineral soil materials, Ca increased significantly with increasing rates of SPB and
PB amendments, with Ca being significantly higher with SPB amendments than PB at all rates
(Figure 3.5). In comparison to the control, SPB applied at 100 t ha-1 dramatically increased Ca in
forest mineral, blueberry, potato, and vegetable soils by 6392%, 17260%, 398%, and 250%,
respectively. Although less than SPB, soils amended with PB at 100 t ha-1 also greatly increased
Ca in forest mineral, blueberry, potato, and vegetable soils by 850%, 6152%, 218%, and 99%,
respectively. SPB amendments resulted in numerical increases in Mg in forest mineral and
blueberry soils, but none of the rates were significantly different from each other (Figure 3.5). In
contrast, SPB amendments decreased Mg in potato and vegetable soils, but only 100 t ha-1 of
SPB resulted in significantly decreased Mg in potato and vegetable soils by 56% and 55%,
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respectively. PB amendments, however, increased Mg in all mineral soil materials, with no
significant differences among rates. Generally, PB amendments resulted in higher Mg for all
mineral soils compared to SPB, but there were no significant differences between SPB and PB at
any specific rate (Figure 3.5). Few significant differences were found in Na between SPB and PB
amendments at any rate for all mineral soils. The only exception was for potato soil where 5 t ha1

of PB resulted in significantly higher Na than that of SPB at the same rate. In addition, there

were no significant differences in Na between SPB and PB at any rate for all mineral soils. None
of the SPB and PB amendments significantly affected K in mineral soil materials, and the
differences in K between SPB and PB were not statistically significant.
Both SPB and PB amendments also significantly increased Ca in forest organic soil
(Figure 3.5). SPB and PB applied at 100 t ha-1 and 25 t ha-1 increased Ca in forest organic soil at
the maximum by 1732% and 435%, respectively. SPB had a significantly higher overall Ca
concentration in forest organic soil than PB. Mg in forest organic soil decreased with increasing
SPB rates, with the highest decrease of 60.2% occurring at 100 t ha-1. In contrast, Mg in forest
organic soil increased with PB rates from 5 to 50 t ha-1 but decreased at 100 t ha-1. The highest
increase in forest organic soil Mg occurred at 25 t ha-1 and was 64.9%. Forest organic soil Mg
was significantly higher with PB amendments compared with SPB amendments at rates from 5
to 25 t ha-1. No significant difference was found in Mg between SPB and PB at 100 t ha-1. SPB
amendments significantly decreased Na and K in forest organic soil, with the largest decreases
occurring at 100 t ha-1 and were 61.1% and 77.5%, respectively. In contrast, PB amendments
significantly increased Na and K for forest organic soil, and the largest decreases of 58.3% and
342.5% appeared at 25 t ha-1 and 100 t ha-1, respectively. At any specific rate, Na in forest
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organic soil was not significantly different between SPB and PB, but K was significantly higher
with PB amendments compared to SPB amendments.
Figure 3.5. The summation of base cations (meq 100g-1) in forest organic (O), forest mineral
(M), blueberry (B), potato (P), and vegetable (V) soils amended with softwood pulp biochar
(SPB) and pine wood biochar (PB).
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CO2 emissions from CaCO3 dissolution during the incubation
As previously described, SPB used in this study was limed using CaCO3 to a target pH of
6.5 before soil application. The dissolution of CaCO3 due to the neutralization of SPB acidity to
pH 6.5 and subsequent acid neutralization reactions during incubation would result in CO2 being
emitted to the atmosphere. These losses of C as CO2 would need to be considered in determining
the net C benefit of biochar utilization. Overall, CO2 emissions as a result of CaCO3 consumed in
acid neutralization reactions increased with increasing rates of SPB amendments in most cases
(Figure 3.6). The maximum estimated CO2 emissions due to acid neutralization in forest organic,
forest mineral, blueberry, potato, and vegetable soils all occurred at 100 t ha-1 and were 1.12 ±
0.01, 0.21 ± 0.01, 0.39 ± 0.02, 0.23 ± 0.01, and 0.12 ± 0.01 g C per kg of soil. Overall, CO2
emissions increased with SPB amendments for all mineral soils, and particularly in blueberry soil
where significantly higher CO2 emissions occurred at 100 t ha-1 than any other mineral soil at the
same rate. In contrast, CO2 emissions from amended potato and vegetable soils remained
consistent with SPB amendments at rates of 50 t ha-1 and 100 t ha-1. Among all soil materials
studied, forest organic soils had the highest CO2 emissions in comparison to all mineral soils at
any rate.
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Figure 3.6. Estimated losses of C (g kg-1) as CO2 from CaCO3 due to acid neutralization
reactions following SPB amendments.
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DISCUSSION
Given the alkalinity of the biochar used in the study, we anticipated that the application
of biochar would increase soil pH. Results showed that soil pH increased with both SPB and PB
amendments in all cases. This is in agreement with most biochar amendment studies that
consistently demonstrate soil pH increases with biochar application (Ajayi & Horn, 2016; Aller
et al., 2017; Zhao et al., 2020). In this study, that literature largely aligns with our PB biochar
materials. In the case of our SPB biochar, the high pH of the biochar is the result of the addition
of CaCO3 to the highly acidic raw biochar to meet environmental requirements for the handling
of this material and in this case, pH 6.5 was chose as the target pH. Therefore, the soil pH
response to the SPB was a function of the CaCO3 added to the raw biochar, and not an inherent
alkalinity of the biochar itself. Therefore, the pH responses in soils were generally parallel for
the two biochars, but the mechanisms of this chemical outcome differed between SPB and PB. It
is worth noting that the CaCO3 added to the SPB was evaluated by immediately taking the pH of
the CaCO3-biochar mix as the CaCO3 was added to achieve a target pH of 6.5. This suggests a
significant excess of CaCO3 remained in the biochar to later react with soil acidity. In contrast,
PB was a raw biochar produced from pyrolysis without any acidification during the processing,
resulting in a typical high alkalinity that would also interact with soil acidity to raise soil pH.
During a traditional pyrolysis for the production of biochar, the acidic functional groups (e.g.,
carboxyl, hydroxyl, or formyl groups) are detached and released with increasing temperature,
resulting in most biochars having a high alkalinity and abundance of mineral carbonates that
neutralize soil acidity (Shaaban et al., 2014; Yuan & Xu, 2011). In addition, the magnitude of a
biochar liming effect differs depending on initial soil pH. In this study, both SPB and PB
amendments resulted in less vigorous increases in pH for vegetable soil than for the acidic forest
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organic, forest mineral, and blueberry soils. Several studies have also reported similar results
with biochar having little or no effect on soils of alkaline pH, owing to the similarity in biochar
pH and soil pH (Li et al. 2018; Alotaibi & Schoenau, 2019). In acidic mineral soils, oxygenated
functional groups on biochar particle surfaces bind the aluminum (Al) ion, decreasing
exchangeable Al concentrations of amended soils, and therefore leading to increases in the
concentration of exchangeable base cations, base saturation, and pH (Chan et al., 2007; Yuan et
al., 2011; Oladele, 2019).
Results from this study indicated variable responses in LOI following biochar additions,
consistent with several studies that reported either an increase or decrease in SOM after adding
biochar (Ameloot et al., 2013; Mukherjee & Zimmerman, 2013; Clark et al., 2019). As shown in
Figure 3, all mineral soil materials exhibited an increase in LOI with both SPB and PB
amendments. Given the low mineral soil LOI and high biochar LOI, we attribute this increase to
the mixing effect suggesting that a simple mixing of high and low LOI material results in a
mixture with a higher LOI than that of the native mineral soils as expected. A noteworthy
exception to the trends for increased LOI with biochar amendments was evident in forest organic
soil, where LOI significantly decreased with SPB amendments. As is well documented, the
formation of high stability aromatic C structure within biochar begins at 400 ℃ and increases
with a rising pyrolysis temperature (Suliman et al., 2016; Kim et al., 2012; Demirbas, 2004). In
this case, however, SPB was derived from the acid hydrolysis and dehydration of softwood pulp
at 200℃, resulting in the incomplete combustion of SPB that has the potential to produce high
stability aromatic C content when the heating temperature increases. In this study, LOI was
measured by combustion at 450 ℃ for 12 h. Therefore, it is possible that there was further
formation of a stable C component rather than a more complete oxidation of organic C in SPB
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that could result in progressively decreasing LOI in forest organic soil with increasing rates of
SPB loading. For PB that was produced at a higher temperature (~500 ℃), the formation of
recalcitrant C during LOI measurement would also be possible, but there were no significant
differences in LOI from the control with this biochar (Figure 3), which may reflect
characteristics of a different feedstock. Indeed, it appears that PB LOI was more consistent and
complete, based on these data. In addition, the decrease in forest organic soil LOI with increasing
SPB loading up to 50 t ha-1 could also reflect increasing contributions from mineral CaCO3,
which is not expected to be oxidized at the 450 ℃ temperature used in our LOI procedure.
Indeed, CaCO3 is not reported to oxidize and release CO2 to the atmosphere until temperatures of
825 ℃ or higher (Haynes, 2014). Here, we suggest that some combination of accumulating
masses of recalcitrant C and mineral CaCO3 may explain the decreasing LOI results with
increasing loading in this study. One other possible mechanism could have been that SPB
accelerated SOM decomposition after treatment, resulting in declining LOI despite the SPB
amendment. Several long-term field studies have reported accelerated SOM mineralization due
to the priming effect as a result of biochar addition (Cely et al,. 2014; Kimetu et al., 2009; Wang
et al., 2016). However, we do not think this biological component of the soil response was
relevant in this short incubation study, which was not designed to observe the longer-term
biochar influences.
The fact that WHC in all mineral soils studied increased with both SPB and PB
amendments was expected. This is in line with most studies indicating that biochar amended
soils retain more moisture as compared with controls, with the improvement being particularly
evident in sandy soils (Karhu et al., 2011; Burrell et al., 2016). The beneficial effect of biochar
addition on soil water retention is primarily attributed to the following mechanisms. First, given
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the higher surface area and porosity of biochar compared to mineral soils, the simple mixing of
biochar with the mineral soil creates a mixture that is capable of holding more water. Second,
porous biochar can improve soil aggregation that further enhances water retention (BlancoCanqui, 2017). Third, the small-sized biochar particles can fill pore spaces between coarse soil
particles, which decreases average pore size and also enhances water retention (Liu et al., 2017).
However, this is not the case for forest organic soils, where SPB amendments significantly
decreased WHC with increasing loading rates. A number of studies have shown that biochar
produced at low temperatures (~ ≤ 400 ℃) often has hydrophobic surfaces due to the presence of
organic materials on the surface of biochar particles (Lehmann & Joseph 2009; Blanco-Canqui
2017). As previously described, SPB is produced at 200 ℃, therefore, we suspect that the
decrease in forest organic soil WHC could be a function of increased soil water repellence
induced by the high hydrophobicity of SPB given the low temperature of pyrolysis. Compared to
SPB, forest organic soil WHC treated with PB resulted in no differences among loading rates
from the control, but overall resulted in a higher WHC than forest organic soil treated with SPB
amendments. We attribute this difference to the modification of PB surface properties under a
higher pyrolysis temperature (~500 ℃). It is well established that the loss of aliphatic compounds
and changes in the proportions of hydrophobic and hydrophilic functional groups at high
pyrolysis temperatures (~ ≥ 500 ℃) can make biochar surfaces less hydrophobic, and as a result
enhances water retention (Gray et al., 2014; Novak et al., 2012).
Results from this study showed variable responses in extractable base cations, with the
magnitude being determined by both the type of soil and type of biochar. It is generally reported
that biochar often has a higher level of extractable Ca compared with soils (Novak et al., 2009a).
Therefore, increases in extractable Ca after biochar addition were expected. Indeed, significant
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increases in extractable Ca with both SPB and PB amendments were observed for all soil
materials studied, consistent with many previous biochar studies (Hailegnaw et al., 2019; Laird
et al., 2010a). This increase in extractable Ca is likely a result of the direct release of Ca from the
biochars used in this study that had up to 30 times higher extractable Ca concentrations than the
unamended soils. In addition, SPB amendments resulted in significantly higher extractable Ca
compared with PB amendments, reflecting the additional input of Ca from mineral CaCO3 added
to SPB. The overall trends of the extractable Mg, Na, and K remained small and were not
significantly affected by biochar treatments. However, SPB applied at the highest rate
significantly decreased the extractable Mg in potato and vegetable soils (Figure 3.5). The decline
in extractable Mg reflects competition with Ca from the limed biochar. This could be a concern
if this represented a nutritional imbalance for the crop.
In all cases, SOC in the SPB treated soils consisted of C from some combination of soil,
SPB, and the CaCO3 added. In the timeframe of this incubation study, little loss of C from soil or
biochar was expected due to decomposition. However, the release of CO2 as a consequence of
acid neutralization reactions that occurred when raw SPB was limed, and during the subsequent
incubation period, do influence the net C benefit from SPB soil treatments during this
experiment. As shown in Figure 3.6, the overall CO2 emissions as a result of CaCO3
consumption in the acid neutralization reaction increased with increasing rates of SPB
amendments in most cases, with greater increases being evident in the forest organic soil. This
reflects the relatively high exchangeable acidity in the forest organic soil, where more CaCO3 is
involved in the acid neutralization reaction.
Soil amendments with biochar have been a focus of attention because of the high
potential for C sequestration (Lehmann, 2007). However, given the unique acidic character of the
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industrial byproduct biochar used in this study, we need to account for both the lime added, and
the CO2 lost in the acid neutralization reactions. In this experiment, overall C outputs from the
neutralization reactions averaged across all treatment levels accounted for 0.48%, 2.05%, 2.79%,
1.61%, and 1.36% of total C inputs (SPB biochar + lime) for forest organic, forest mineral,
blueberry, potato, and vegetable soils, respectively. In summary, although the addition of SPB
results in C loss as CO2 due to CaCO3 consumption in the acid neutralization reaction, that loss is
small compared to the much larger evidence for C sequestration potential from the SPB
amendments.
CONCLUSIONS
Biochar has been considered as an effective soil amendment that benefits soil health. A
laboratory incubation was conducted to compare the effects of an industrial byproduct biochar
(SPB) and traditional biochar (PB) on representative forest organic, forest mineral, blueberry,
potato, and vegetable soils from Maine, USA. Both the type of biochar and the soil used
influenced the specific responses in soil properties, although the general trends of response were
often parallel. Unique to this experiment was the SPB biochar that was an industrial byproduct
from bioproducts manufacture produced by acid hydrolysis and dehydration, and CaCO3 was
added to adjust pH before utilization as a soil amendment. This was compared to the more
traditional PB biochar produced by pyrolysis. Overall, responses of pH, LOI, WHC, and
extractable base cations in all mineral soil materials studied consistently increased with increases
in both SPB and PB amendments. Many of the responses from SPB amendments were
dominated by the CaCO3 additions, highlighting the importance of source and composition for
biochar amendments to soils. From the standpoint of C sequestration goals, both biochars were
effective at increasing soil C content. For the SPB amended soils, the dissolution of CaCO3 and
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the subsequent acid neutralization reactions resulted in the release of CO2, the loss of C
accounted for only a small (< 3%) portion of the total added C. In addition, if the soil would be
limed in the field under normal cultural practices, the SPB addition would simply offset some of
the needed lime. The influences of biochar application on forest organic soils were highly
variable, reporting either increases or decreases in soil properties after biochar application. If
biochar amendments in a forest setting were considered, the results reported here would need to
be carefully considered as a function of management objectives. This study provides a
calibration of response for these soils and biochars that is important to inform subsequent
research in field trials and alerts us to the potential and challenge of managing the utilization of a
wide variety of biochar materials that may be increasingly available in the future.
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CHAPTER 4
WOOD-DERIVED INDUSTRIAL BYPRODUCT BIOCHAR INCREASES
MULTIPLE SOIL HEALTH INDICATORS AND CARBON BUT DOES
NOT INCREASE RYEGRASS BIOMASS YIELD

ABSTRACT
The increasing global focus on sustainable agricultural management and carbon (C)
sequestration have attracted growing interest in using biochar as a soil amendment. Although
studies have demonstrated improvements in soil health and large C sequestration benefits from
biochar application, the composition of biochar varies greatly by feedstock and process. Here we
described a greenhouse bioassay that aims to evaluate the influences of a wood-derived industrial
byproduct biochar on representative forest and agricultural soils from Maine. The experiment
consisted of a single application of either a triple-washed softwood pulp biochar (SPB), or a
triple-washed plus lime stabilized softwood pulp biochar (SPB-L) at application rates equivalent
to 0, 10, 25, and 50 t ha-1. Generally, soil pH and exchangeable base cations, particularly
exchangeable Ca, significantly increased with SPB-L amendments but decreased with SPB
amendments. A single application of either of our byproduct biochars significantly increased
total C in all soils, but had no significant effects on soil respiration, suggesting a recalcitrance for
the C that would be important for C sequestration goals. Both biochars reduced N availability as
evidenced by decreased extractable NH4+-N and NO3--N accumulation attributed to enhanced
immobilization. There were no significant effects on ryegrass biomass at any level of biochar
addition demonstrating that biochar alone is insufficient for improved plant productivity. Results
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from this study demonstrated that this wood-derived industrial byproduct biochar has the
potential for improving some soil health properties and enhancing C sequestration which could
be of value when combined with other cultural practices for soil management.
INTRODUCTION
Greenhouse gas emissions have been significantly increasing globally during the last
century, with atmospheric carbon dioxide (CO2) concentrations reaching 413 μmol mol-1 in 2020
(Dlugokencky & Tans, 2021). Therefore, it is increasingly important to understand the role that
natural climate solutions (NCS) could play in ameliorating atmospheric CO2 emissions (Bossio
et al., 2020; Fargione et al., 2018). In particular, one potentially effective NCS may include
increasing soil carbon (C) following biochar application to reduce atmospheric CO2
concentration consistent with the challenge of limiting global increase in temperature to below 2
℃ (Lehmann et al., 2006; Roberts et al., 2010; Woolf et al., 2010).
Biochar is the product of thermal degradation of organic materials in oxygen-limited
conditions, which is known as pyrolysis (Butt et al., 2018; Lehmann & Joseph, 2009). Pyrolysis
of biomass to produce various bioproducts results in a residual stream of biochar (Laird et al.,
2009). During pyrolysis, approximately 50 to 80% of feedstock biomass is converted to liquids
and vapors that can be used to produce bioenergy (Gray et al., 2014). The remaining biomass is
converted to biochar that can persist in the environment for long time periods due to the
formation of condensed aromatic structures if used as a soil amendment (Baldock & Smernik,
2002). Biochar also typically has a high C content, porosity, pH, and cation exchangeable
capacity (CEC) (Cha et al., 2016; Lehmann & Joseph, 2009). Therefore, the application of
biochar to soils has been attracting increasing interest because of its efficacy in improving soil
health and thereby crop yields, as well as sequestering C.
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Griscom et al. (2017) showed that biochar addition to agricultural soils results in the
largest potential maximum climate mitigation of 1.16 PgCO2e yr-1 within the next decade among
practices evaluated that could be an important contribution to holding the global increase in
temperature to below 2 ℃. Similar results were also reported by Smith (2016), who assessed the
potential of negative emission technologies (NETs), including economic cost, energy
requirements, land use, soil C sequestration, and biochar addition to fulfilling 2 ℃ goals. They
reported that biochar addition could be superior to other NETs by not only offering a negative
emission potential of 0.7 PgCO2e yr-1, but also having less impact on land, water use, nutrients,
albedo, energy, and cost.
The application of biochar as a soil amendment generally improves soil physicochemical
properties, and the magnitude of these influences are dependent on the type of soil, composition
of biochar, and application rates. Several studies have indicated that biochar application reduced
soil bulk density and increased porosity, with the changes found to be highly significant in
coarse-textured soils (Blanco-Canqui, 2017; Lentz et al., 2019; Omondi et al., 2016). Soil pH and
cation exchange capacity (CEC) are two commonly measured soil health indicators. Most studies
have shown that biochar application increased soil pH through the liming effect of biochar
(Agbede et al., 2020; Cole et al., 2019; Gagnon & Ziadi, 2020; Zhao et al., 2020). However,
some studies have reported no or decreased biochar effect on soil pH, attributed to the
accumulation of organic acids and acidic compounds produced during biochar decomposition
(Alotaibi & Schoenau, 2019; Mahmoud et al., 2020; Mitchell et al., 2016). In general, the
application of biochar effectively increases soil CEC, with sandy soils achieving higher CEC
improvements (Liang et al., 2006). Biochar can act as an organic soil fertilizer that provides soil
nutrients, with the amount and the availability of these nutrients being primarily correlated with
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the type of feedstocks and the pyrolysis temperature. Liu et al. (2014) reported that the
application of wheat straw biochar to a calcareous soil resulted in up to 25.3% and 66.6%
increases in available phosphorus (P) and available potassium (K), respectively. Huang et al.
(2019) applied wheat straw biochar to a clay loam soil and found notable increases in soil total
mineral nitrogen (N), available P, and available K concentrations by up to 148, 48, and 51%,
respectively. In addition, biochar also has been reported to stimulate microbial activity by
providing habitat and nutrients for microbial growth (Laghari et al., 2016; Lehmann et al., 2011;
Zhu et al., 2017). As a result of these influences of biochar on soil physicochemical properties,
increased crop yields following biochar additions have been commonly reported in the literature
(Dumortier et al., 2020; Knoblauch et al., 2021; Oladele, 2019). Jeffery et al. (2011) conducted a
meta-analysis to evaluate the relationship between biochar soil amendments and crop yields.
They found that biochar increased crop yields by an overall mean of 10%, with the greatest
increases occurring in acidic and medium-textured soils.
Recently, there is an increased interest in using biomass for conventional and novel
bioproducts in order to reduce the use of fossil fuels and store C in products (Perlack, 2005;
Ragauskas et al., 2006). Some of these industrial processes generate a type of biochar as a
byproduct. However, little is known about the utilization of this industrial byproduct biochar as a
resource for enhancing the potential of NCS. Therefore, we designed a controlled bioassay study
using five representative Maine soils and two wood-derived industrial byproduct biochars. The
overarching objective of this study was to investigate the effects of a single application of woodderived industrial byproduct biochars without additional cultural practices (e.g., nutrient
management) on soil and plant responses.
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MATERIALS AND METHODS
Soil sampling and characterization
Five different soils representing four different management objectives were used for this
short-term greenhouse experiment. The selected soils included a forest soil, the most extensive
land use in Maine, and soils from lowbush blueberries, potatoes, and mixed vegetables, three
important agricultural crops in Maine. Forest soils used in this study were collected from the
Bear Brook Watershed in Maine (Fernandez & Norton, 2010) where surface O horizon and
subsurface B horizon soil materials (coarse-loamy mixed frigid Typic Haplorthods) were
sampled individually. Blueberry (sandy-skeletal, isotic, frigid Typic Haplorthods), potato (fineloamy mixed frigid Typic Haplorthods), and mixed vegetable (fine-silty, mixed, semiactive,
nonacid, frigid Aeric Epiaquepts) surface Ap horizons (0-20 cm) were sampled from the Maine
Agricultural and Forest Experiment Station’s (MAFES) Blueberry Hill Farm, Aroostook Farm,
and Rogers Farm, respectively. Soil samples collected were then transported to the laboratory for
further processing including air-drying and removal of coarse fragments by passing through a 2
mm sieve for mineral soils and a 6 mm sieve for organic soils. All samples were homogenized
before subsampling for subsequent analysis.
Total C and total N in soils were determined by dry combustion (Sollins et al., 1999) using a
LECO TruMac CN analyzer at the MAFES Analytical Laboratory. Exchangeable cations were
extracted in Modified Morgan solution (ammonium acetate buffered at pH of 4.8) in a 1:10 ratio
and analyzed by ICP-OES (Thermo Electron iCAP 6300). Soil pH was determined in a 1:2 soil
to deionized (DI) water ratio and measured using a pH meter (Thermo Scientific Accumet AR
15) equipped with a combination electrode (Thermo Scientific Orion Ross Ultra). Organic matter
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(OM) was estimated by loss-on-ignition (LOI) at 450 ℃ for 12 h. Results from the initial soil
characterization are summarized in Table 4.1.
Biochar production and characterization
Biochar used in this study was obtained from the Forest Bioproducts Research Institute at
the University of Maine, where a renewable fuel production process was developed to produce
fuels from woody biomass. This process included treatments of wood biomass with sulfuric acid
(H2SO4) to produce organic acids that were subsequently processed to produce renewable fuels,
whereas the byproduct was collected as biochar consisting of hemicellulose and lignin
components of the wood. For this study, extremely acidic (pH<1.5) raw softwood pulp biochar
was derived from the acid hydrolysis and dehydration of softwood pulp at 200 ℃ for 30 minutes.
According to the US Environmental Protection Agency (EPA) standards that define hazardous
waste as residuals with pH less than 2 or above 12.5 (US EPA, 2019), it was necessary to raise
the pH of the raw biochar for utilization as a soil amendment. In this study, raw byproduct
biochar was (1) triple washed to a pH above 2 (SPB) and (2) triple washed and limed with
calcium hydroxide (Ca(OH)2) to a pH above 6 (SPB-L) to make it more advantageous for
agronomic utilization.
Subsamples of each biochar were air-dried, sieved, and analyzed at the MAFES
Analytical Laboratory. pH was measured in a 1:2 biochar to distilled water ratio. Organic matter
was estimated by LOI at 550 ℃. Exchangeable cations were extracted in 1M ammonium
chloride (NH4Cl) and measured by ICP-OES (Thermo Electron iCAP 6300). Characteristics of
the processed biochar are shown in Table 4.1.
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Table 4.1. Selected basic chemical characteristics of the soils and biochars used in this study.
Forest

Forest

Organic

mineral

Blueberry

Potato

Vegetable

SPB†

SPB-L‡

Units

Total C

%

45.8 ± 0.77 7.3 ± 0.43

5.6 ± 0.20

2.0 ± 0.04

3.0 ± 0.04

59.8 ± 0.16 49.9 ± 0.21

Total N

%

1.5 ± 0.03

0.3 ± 0.01

0.3 ± 0.01

0.2 ± 0.00

0.2 ± 0.00

0.08 ± 0.02 0.03 ± 0.01

3.4 ± 0.03

4.1 ± 0.02

4.7 ± 0.04

5.1 ± 0.04

5.7 ± 0.02

3.5 ± 0.04

5.3 ± 0.15

7.0 ± 0.15

99.4 ± 0.00 79.9 ± 0.82

pH

6.8 ± 0.04

OM

%

85.5 ± 0.43 15.0 ± 0.50 10.5 ± 1.1

Ca

cmolc kg-1

59.8 ± 4.82 8.8 ± 0.82

19.5 ± 3.92 20.9 ± 0.65 26.3 ± 0.81 1.7 ± 0.03

92.9 ± 0.73

Na

cmolc kg-1

4.6 ± 0.57

1.2 ± 0.06

1.3 ± 0.16

1.9 ± 0.17

1.9 ± 0.15

0.6 ± 0.04

0.4 ± 0.02

Mg

cmolc kg-1

9.9 ± 1.05

0.7 ± 0.13

2.2 ± 0.50

5.3 ± 0.20

5.8 ± 0.30

0.2 ± 0.01

0.8 ± 0.04

K

cmolc kg-1

1.5 ± 0.28

0.2 ± 0.01

0.3 ± 0.06

0.5 ± 0.03

1.0 ± 0.08

0.02 ± 0.00 0.03 ± 0.02

† SPB is the triple-washed softwood pulp biochar.
‡ SPB-L is the triple-washed and lime stabilized softwood pulp biochar.
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The bioassay experiment
This experiment was a completely randomized design with two biochars representing
different pre-treatment processes that were applied at equivalent rates of 0, 10, 25, and 50 t ha-1
to five selected Maine soils. Each level of treatment was repeated in triplicate, resulting in 40
treatments and a total of 120 experimental units. Air-dried soils were thoroughly mixed with
each level of biochar treatment in plastic bags, with the mixtures then being used to fill 6-inch
plastic pots (13 cm in diameter and 10 cm in depth). All the pots were fully saturated with tap
water with free drainage from the base of the pot, and left to equilibrate for a week. After one
week of equilibration, two grams of perennial ryegrass (Lolium perenne L.) seeds were sown in
each pot. The pots were then placed in plastic trays and incubated for eight weeks in an outdoor
hoop house uncovered at the University of Maine. During the entire incubation period, water
content was maintained near optimum by watering every two days except on days when subject
to ample natural rainfall. The placement of pots was completely randomized and rearranged
every two weeks during the eight-week incubation to minimize the time-invariant position
effects of the experimental units.
Plant analysis
During eight-week incubation, aboveground biomass harvesting was accomplished by
cutting grasses at a height of 1 to 2 cm above the soil surface. In total, three harvests of the
aboveground biomass were collected in weeks 4, 6, and 8. All aboveground biomass samples
were placed in kraft paper bags and dried at 65 ℃ for 24 h until a constant weight was obtained.
All samples were then well mixed, homogenized, and ground to pass through the #40 screen
(425 μm) using a Wiley Mill (Thomas Scientific) before subsampling for subsequent analysis.
Total N in aboveground biomass was determined by dry combustion (Sollins et al., 1999) at the
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MAFES Analytical Laboratory. Due to the insufficient sample mass for some treatments, we
bulked tissue across replicates, reducing the sample size from 120 to 40. Samples were bulked by
weighing and mixing an equal mass of ground sample from each of the three replicates.
Belowground biomass was determined at the end of the incubation by separating roots from the
soil and gently rinsing them with DI water. All belowground biomass samples were placed in
kraft paper bags, dried at 65 ℃ for 24 h until a constant weight was obtained.
Soil analysis
After the removal of roots from soils, all soil samples were placed in kraft paper bags and
air-dried. pH was determined in a 1:2 soil to deionized water suspension using a pH meter
(Thermo Scientific Accumet AR 15) equipped with a combination electrode (Thermo Scientific
Orion Ross Ultra). Total C and total N were determined by dry combustion (Sollins et al., 1999)
at the MAFES Analytical Laboratory. Exchangeable cations (Ca, Mg, K, and Na) and extractable
elements (P, Al, Fe, Mn, and Zn) were determined by extracting 2 g of organic soil and 4 g of
mineral soil with 20 ml of Modified Morgan Extraction solution (ammonium acetate buffered at
pH 4.8). The extracts were filtered through Whatman® 42 filter paper, and extractable cations
were analyzed by ICP-OES (Thermo Electron iCAP 6300) at the MAFES Analytical Laboratory.
Inorganic N (NH4+-N and NO3--N) was extracted using 1M KCl. Extractions were carried out by
shaking 2 g of organic soil or 5 g of mineral soil with 50 ml of the extractant solution for 15 min.
The extracts were filtered through Whatman® 42 filter paper, and NH4+-N and NO3--N were
determined colorimetrically on an autoanalyzer at the MAFES Analytical Laboratory. This
extractable inorganic N was also used as the time-zero value for the potential N mineralization
calculation described below. Laboratory incubations were performed by incubating 2 g of
organic soil and 5 g of mineral soil with 20 ml DI water in tightly capped centrifuge tubes at
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40 ℃ for 7 days. Post-incubation extractions were performed by adding and shaking extracts
with 20 ml of 2M KCl for 15 min. The extracts were then filtered through Whatman® 42 filter
paper, and inorganic N was then determined as described above. Net N mineralization was
calculated as the difference between post-incubation and zero-time concentrations of inorganic
N. Soil respiration at field moisture content was measured after removal of all vegetation at the
end of the experiment using the soda lime methods (Edwards, 1982). The Solvita® CO2-Burst
test was performed on air-dried soil, where 30 cm3 of dry soil was rewet to 50% of water-filledpore-space and then incubated in a closed jar under room temperature for 24 hr. Respiration was
measured by a CO2-sensitive detector probe sealed in the incubation jar, and the color change on
the detector probe after incubation was read using the Solvita® Digital Color Reader (Woods End
Laboratory, 2017). The units of measure for the Reader were parts per million of CO2-C.
Microbial biomass was then calculated as the product of respired CO2-C determined by the
Solvita® CO2-Burst test and a conversion factor of 20 (Woods End Laboratory, 2017).
Statistical Analysis
Two-way ANOVAs were performed to test the effect of biochar type (B), application rate
(R), and their interaction (B × R) on soil pH, exchangeable cations (Ca, Mg, K, and Na),
extractable P, total C, total N, C:N ratio, inorganic N, potentially mineralizable N, soil
respiration, microbial biomass, and ryegrass biomass yield. All data were checked for normality
and homogeneity of variances, with non-conforming data being log-transformed prior to analysis
of variance. The Tukey's HSD post-hoc pairwise comparison test was then used to test means
that were statistically different at a 95% significance level (p < 0.05) either between biochar
types or among different application rates. The ordinary least squares linear regression models
(OLS-LM) were applied to examine the relationships between plant biomass variables (i.e.,
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aboveground biomass, root biomass, total biomass, and root:shoot) and soil properties (i.e., soil
pH, TC, TN, and C:N). The OLS-LM was also used to test the relationship between grass tissue
biomass and grass tissue total N. All statistical analyses were conducted using R v4.0.5 (R
Development Core Team, 2021).
RESULTS
Responses of soil chemical properties to biochar additions
Overall, SPB amendments decreased soil pH in forest organic, blueberry, potato, and
vegetable soils but increased pH in forest mineral soil (Figure 4.1). In most cases, few significant
differences existed among levels of SPB amendments within soil types. The exceptions were for
blueberry soil where significant differences compared to the control occurred at all rates, and for
forest mineral soil where significant differences existed at 10 and 25 t ha-1. SPB-L amendments
resulted in significant increases in pH in all cases with increasing SPB-L rate. As expected,
significant differences in soil pH were observed between SPB and SPB-L at most biochar rates
for all soil materials studied, with soil pH being significantly higher with SPB-L than that of SPB
amendments. The exception was for forest mineral soil where only at 50 t ha-1 was the difference
significant between biochars.
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Figure 4.1. Biochar treatment effects on pH (Mean ± SE, n=3) measured in forest organic, forest
mineral, blueberry, potato, and vegetable soils after an eight-week greenhouse incubation.
Statistics indicate results from the two-way ANOVA models analyzing effects of biochar (B),
rate (R), and their interactions (B x R) on soil pH. SPB = triple-washed softwood pulp biochar;
SPB-L = triple-washed and lime stabilized softwood pulp biochar.

As expected, the concentration of total C in all soil materials studied increased with
increasing SPB rates, and in comparison to control significant increases were often observed at
25 and 50 t ha-1 for all soils (Figure 4.2). SPB-L amendments, however, resulted in inconsistent
effects on total C in different soils. With increasing SPB-L rates, total C concentrations
decreased in blueberry soil but increased in all other soils involved in this study. Proportional
increases in total C from increasing rates of SPB-L additions were consistent and significant only
for potato and vegetable soils (Figure 4.2). Only forest mineral soil at 10 and 25 t ha-1 SPB-L
additions showed significantly higher total C concentration than SPB at the same rate, and no
significant differences between biochars existed in other soil types. In addition, the empirical
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increases in total C concentrations for all mineral soils were consistently lower than the
calculated theoretical increases for both biochars (Figure 4.2).
Soil total N did not respond as much as total C to biochar amendments. Neither SPB nor
SPB-L showed consistent or significant differences for total N among biochar rates within soils,
and no significant differences in total N were observed between biochars (Table 4.2). Significant
treatment effects were evident for forest organic soils only, with SPB and SPB-L at 25 and 50 t
ha-1 resulting in significant decreases in total N concentrations compared to the control (Table
4.2).
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Figure 4.2. Biochar treatment effects on total carbon (g kg-1; Mean ± SE; n=3) measured after an
eight-week incubation of soils (forest organic, forest mineral, blueberry, potato, and vegetable)
with biochar amendments at application rates of 0, 10, 25, and 50 t ha-1. The shapes of the
symbols represent different biochars, and symbols with different fillings and line types indicate
total carbon estimated by different methods. Filled symbols with solid lines represent total
carbon measured by dry combustion after incubation, and the open symbols with dashed lines
represent theoretical carbon calculated based on biochar amendments. SPB = triple-washed
softwood pulp biochar, SPB-L = triple-washed and lime stabilized softwood pulp biochar.
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Exchangeable Ca did not significantly vary with SPB additions in most instances, but
significantly increased with SPB-L amendments in all cases (Table 4.2). Not surprisingly, for all
soil materials, exchangeable Ca concentrations were significantly higher with SPB-L
amendments compared to SPB at all rates. Extractable Mg in all mineral soils increased
numerically with SPB amendments but decreased with SPB-L amendments, and only at 50 t ha-1
were the changes significantly different from the control for blueberry, potato, and vegetable
soils. Exchangeable Mg in forest organic soil, however, significantly decreased with increasing
SPB additions, but significantly increased with increasing SPB-L additions (Table 4.2). In most
cases, none of the SPB and SPB-L amendments significantly affected K and Na. The only
exception was for forest organic soil where SPB-L applied at 10 and 25 t ha-1 significantly
increased Na compared to the control. Extractable P in forest organic, forest mineral, potato, and
vegetable soils tended to increase with SPB additions, and blueberry soils tended to decrease, but
few differences were significant among rates. Collectively, the most significant differences
compared to the control were obtained at 50 t ha-1 for most mineral soils and 25 t ha-1 for forest
organic soil. SPB-L amendments, however, significantly affected extractable P in blueberry,
potato, and vegetable soils, with the most significant changes all being at 50 t ha-1. Overall,
extractable P in blueberry soil was significantly lower with SPB additions compared to SPB-L at
all biochar rates, while forest organic, forest mineral, and vegetable soils were significantly
higher.
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Table 4.2. Mean value of Modified Morgan exchangeable cations (cmolc kg -1), extractable P
(mg kg-1), total nitrogen (g kg-1), and C:N ratio measured after an eight-week greenhouse
incubation of soils with biochar amendments at application rates of 0, 10, 25, and 50 t ha-1.
Means followed by different lowercase letters are significantly different among application rates
within each biochar. Means followed by different uppercase letters are significantly different
between biochar types within each soil type. Differences are for p < 0.05 (Tukey’s test).

0

Triple-washed softwood pulp biochar
(SPB)
10
25
50

Triple-washed and lime stabilized softwood
pulp biochar (SPB-L)
0
10
25
50

Ca
Forest Organic
Forest Mineral
Blueberry
Potato
Vegetable

59.0Aa
8.6Aa
25.5Aa
21.4Aa
26.9Aa

53.7Bab
8.9Ba
24.2Aa
22.1Ba
25.5Ba

44.0Bab
9.1Ba
16.5Bb
23.0Ba
27.2Ba

31.8Bb
9.0Ba
12.7Bb
21.6Ba
27.1Ba

60.5Ac
9.0Ad
13.5Bc
20.4Ad
25.8Ad

179Ab
14.7Ac
19.7Bc
31.8Ac
36.7Ac

226Aa
20.7Ab
33.1Ab
47.7Ab
51.8Ab

243Aa
30.3Aa
65.8Aa
68.9Aa
69.4Aa

Mg
Forest Organic
Forest Mineral
Blueberry
Potato
Vegetable

11.4Aa
0.5Ba
3.0Aa
5.2Aa
5.4Aa

8.5Bb
0.5Ba
2.9Aa
5.3Aa
5.2Aa

8.2Bb
0.5Ba
1.6Ab
5.3Aa
5.7Aa

6.2Bc
0.5Aa
1.1Bb
5.2Aa
5.8Aa

8.3Bb
0.9Aa
1.4Aa
5.3Aa
6.2Aa

11.4Aa
0.9Aa
1.3Ba
5.0Aab
5.7Aab

11.7Aa
0.9Aa
1.1Aa
4.3Bbc
5.5Aab

10.8Aa
0.7Aa
3.0Ab
3.9Bc
5.2Ab

K
Forest Organic
Forest Mineral
Blueberry
Potato
Vegetable

1.8Aa
0.2Aa
0.4Aa
0.4Aa
0.9Aa

1.9Aa
0.2Aa
0.4Aa
0.5Aa
1.0Aa

1.5Aa
0.1Aa
0.2Aa
0.7Aa
1.0Aa

1.7Aa
0.2Aa
0.3Aa
0.8Aa
1.4Aa

1.2Aa
0.2Aa
0.2Aa
0.5Aa
1.1Aa

1.0Aa
0.2Aa
0.2Aa
0.5Aa
1.1Aa

1.3Aa
0.2Aa
0.2Aa
0.6Aa
1.2Aa

1.4Aa
0.2Aa
0.4Aa
0.8Aa
1.4Aa

Na
Forest Organic
Forest Mineral
Blueberry
Potato
Vegetable

5.4Aa
1.2Aa
1.1Aa
1.7Aa
1.8Aa

3.8Aa
1.3Aa
1.2Aa
1.7Aa
1.6Aa

4.3Aa
1.4Aa
1.2Aa
1.6Aa
1.9Aa

3.6Aa
1.5Aa
1.4Aa
1.4Aa
1.7Aa

3.9Ab
1.2Aa
1.5Aa
2.0Aa
1.9Aa

5.8Aa
1.2Aa
1.4Aa
1.8Aa
1.7Aa

6.3Aa
1.5Aa
1.5Aa
1.5Aa
1.7Aa

4.7Aab
1.8Aa
1.5Aa
1.3Aa
1.6Aa

P
Forest Organic
Forest Mineral
Blueberry
Potato
Vegetable

105Aa
116Ab
35.1Ba
54.6Ab
45.6Ab

122Aab
120Ab
34.6Ba
55.2Ab
47.4Ab

134Ab
154Aab
30.3Ba
60.7Ab
51.0Aa

123Aab
172Aa
31.0Ba
80.3Aa
52.9Aa

31.7Ba
29.3Ba
84.4Aa
49.1Aa
30.7Bc

31.8Ba
27.8Ba
62.9Ab
50.6Aab
30.9Bc

31.9Ba
25.8Ba
48.1Ac
54.5Aab
35.2Bb

30.6Ba
22.1Ba
51.7Ac
66.1Ab
38.4Ba

Total N
Forest Organic
Forest Mineral

15.4Aa
2.8Ba

14.0Aa
2.8Ba

11.4Ab
2.9Aa

9.4Ab
3.0Aa

14.8Aa
3.4Aa

13.0Aab
3.4Aa

11.5Abc
3.3Aa

9.9Ac
3.0Aa
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Table 4.2. Continued.
Blueberry
Potato
Vegetable

2.2Aa
1.7Aa
2.6Aa

2.4Aa
1.7Aa
2.6Aa

2.2Aa
1.8Aa
2.6Aa

2.6Aa
1.8Aa
2.7Aa

3.1Aa
1.8Aa
2.6Aa

2.9Aab
1.8Aa
2.6Aa

2.3Abc
1.8Aa
2.7Aa

2.2Ac
1.8Aa
2.6Aa

C:N ratio
Forest Organic
Forest Mineral
Blueberry
Potato
Vegetable

30.1Ac
23.3Aa
21.5Aa
11.5Aa
11.7Aa

34.0Abc
23.8Aa
22.0Aa
13.0Aa
12.7Aa

44.5Aab
24.3Aa
23.1Aa
14.6Aa
13.5Aa

55.0Aa
25.5Aa
25.3Aa
19.7Aa
15.5Aa

30.8Ab
23.2Aa
20.3Aa
10.9Aa
11.5Aa

37.2Aab
23.8Aa
21.6Aa
12.3Aa
12.4Aa

42.5Aa
24.6Aa
22.8Aa
14.8Aa
13.8Aa

48.4Aa
26.7Aa
26.9Aa
18.1Aa
16.1Aa

Responses of soil biological properties to biochar additions
Both SPB and SPB-L amendments showed a tendency to decrease inorganic N (NO3--N
and NH4+-N) concentrations in all soil materials, and only in forest organic and mineral soil were
the differences in inorganic N between biochars significant at all rates (Figure 4.3A). In most
cases, both biochars applied at rates of 25 t ha-1 or higher resulted in significant decreases in
inorganic N compared to the control. NO3--N in SPB-L amended forest mineral soil and NH4+-N
in blueberry and vegetable soils did not vary significantly among rates. SPB amendments tended
to decrease PMN rates for all soil materials, but only blueberry soil with 25 t ha-1 and higher SPB
additions showed significant decreases compared to the control (Figure 4.3B). In contrast, SPB-L
amendments demonstrated significant treatment effects on PMN rates for forest organic and
potato soil only, resulting in significant decreases in PMN rates for forest organic but increases
for potato soils. In addition, forest organic soil amended with 10 and 25 t ha-1 of SPB resulted in
significantly higher PMN rates than the SPB-L at the same rate.
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Figure 4.3. Treatment effects on (A) extractable inorganic nitrogen (mg kg-1, Mean ± SE, n=3)
and (B) potential mineralized nitrogen (PMN, mg kg-1 day-1, Mean ± SE, n=3) measured after an
eight-week incubation of soils (forest organic, forest mineral, blueberry, potato, and vegetable)
with biochar amendments at application rates of 0, 10, 25, and 50 t ha-1. The shapes of the
symbols represent different biochars, and symbols with different fillings and line types shown in
Figure 4.3A indicate the different formats of inorganic nitrogen measured in this study. Filled
symbols with solid lines represent NH4+-N, and the open symbols with dashed lines represent
NO3--N. SPB = triple-washed softwood pulp biochar, SPB-L = triple-washed and lime stabilized
softwood pulp biochar.
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Neither SPB nor SPB-L amendments significantly affected soil respiration for all soil
materials studied, although there was a numerical trend towards increasing soil respiration
following SPB amendments but decreases with SPB-L amendments. Additionally, soil
respiration did not differ significantly between SPB and SPB-L amendments (Figure 4.4A).
Microbial biomass in forest organic soil decreased with increasing SPB rates but significantly
increased with increasing SPB-L rates. Significant differences in microbial biomass between
biochars were observed at 25 and 50 t ha-1. For all mineral soils, neither SPB nor SPB-L
amendments significantly affected microbial biomass, although a consistently increasing trend
was evident for most mineral soils studied (Figure 4.4B). Among all mineral soils, only forest
mineral soil showed significant differences in microbial biomass between SPB and SPB-L at
rates of 10 and 25 t ha-1.
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Figure 4.4. Treatment effects on (A) rate of soil respiration (μmol CO2 m-2 s-1; Mean ± SE, n=3)
and (B) microbial biomass (mg kg-1 dry soil; Mean ± SE, n=3) measured after an eight-week
incubation of soils with biochar amendments at application rates of 0, 10, 25, and 50 t ha-1. SPB
= triple-washed softwood pulp biochar, SPB-L = triple-washed and lime stabilized softwood
pulp biochar.
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Plant response to biochar additions
Biochar amendments did not significantly affect total ryegrass biomass yield in most
cases, while it shifted the biomass allocation patterns from above to belowground C
accumulation (Table 4.3). The exception was for blueberry soil where SPB applied at 25 t ha-1
and higher significantly increased total biomass compared to the control, whereas SPB-L at 50 t
ha-1 significantly decreased total biomass compared to the control. It was evident that the
root:shoot ratio was positively correlated with soil C:N ratio, with significant relationships in
SPB amended forest mineral, blueberry, and potato soils, and in SPB-L amended forest organic,
mineral, and potato soils (Figure 4.5A, 4.5B).
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Table 4.3. Treatment effects on ryegrass biomass (g m-2; n=3). Means followed by different
lowercase letters are significantly different among application rates within each biochar. Means
followed by different uppercase letters are significantly different between biochar types within
each soil type. Differences are for p < 0.05 (Tukey’s test).

0

Triple-washed softwood pulp biochar
(SPB)
10
25
50

Triple-washed and lime stabilized softwood
pulp biochar (SPB-L)
0
10
25
50

Aboveground biomass
Forest Organic

49.6Aa

62.6Ba

90.6Aa

26.4Aa

75.7Ab

205Aa

110Aab

54.6Ab

Forest Mineral

175Aa

183Aa

168Aa

168Aa

188Aa

193Aa

181Aa

208Aa

Blueberry

58.4Ba

69.4Ba

106Aa

92.3Aa

147Aa

130Aa

123Aa

51.1Ab

Potato

153Aa

148Aa

158Aa

108Ab

155Aa

166Aa

183Aa

124Ab

Vegetable

183Aa

144Aa

168Aa

167Aa

176Aa

178Aa

194Aa

194Aa

Forest Organic

8.6Aa

13.1Ba

11.8Ba

5.0Ba

9.8Ac

121Aab

135Aa

89.3Ab

Forest Mineral

104Aa

104Aa

116Aa

130Aa

96.1Ab

100Ab

133Aab

164Aa

Blueberry

18.4Ac

29.2Abc

56.1Aab

77.0Aa

36.2Aab

57.9Aa

58.4Aa

15.3Bb

Potato

97.1Aa

68.4Aa

101Aa

88.6Aa

71.2Aa

78.2Aa

92.1Aa

103Aa

Vegetable

77.0Aa

67.2Aa

76.0Aa

82.8Aa

99.9Aa

79.7Aa

82.5Aa

83.3Aa

Root biomass

Total plant biomass
Forest Organic

57.1Aa

75.7Ba

102Aa

31.4Aa

85.5Ac

326Aa

245Aab

144Ac

Forest Mineral

277Aa

287Aa

284Aa

299Aa

284Aa

293Aa

314Aa

372Aa

Blueberry

76.7Bc

98.6Bbc

162Aab

169Aa

184Aa

188Aa

181Aa

66.4Bb

Potato

250Aa

216Aa

259Aa

197Aa

226Aa

245Aa

275Aa

226Aa

Vegetable

260Aa

211Aa

244Aa

249Aa

276Aa

257Aa

276Aa

277Aa
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Figure 4.5. Relationships between soil C:N and root:shoot. Solid lines indicate significant
correlations at p < 0.05.
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DISCUSSION
This experiment was designed to study the influences of an industrial byproduct biochar,
with and without a lime, on soil properties and the associated plant response. Overall, whether
lime was added to the biochar or not proved to be the most important factor influencing soil and
plant response, most evident in the soil pH results. The results also showed that often the
influences of biochar amendments were only significant when application rates were equal to or
greater than 25 t ha-1.
Effects of wood-derived byproduct biochar on soil pH and exchangeable cations
As expected, soil pH continuously increased with increasing rates of SPB-L in all soils
attributable to the lime component of the treatment. In contrast, soil pH showed no consistent
response among soil types with increasing rates of SPB. This is somewhat in contrast to the
literature where biochar amendments typically increase soil pH (Chintala et al., 2014a; Gagnon
& Ziadi, 2020; Verheijen et al., 2010), but our industrial byproduct biochar was acidic (pH ~1.3)
because of acid hydrolysis in the bioproducts production process. Therefore, the SPB was triple
washed with water to remove acids that increased pH to 3.5 allowing it to be used as a soil
amendment. Nevertheless, this is a relatively low pH as a soil amendment and explains why SPB
did not result overall in soil pH increases in this study.
Exchangeable Ca significantly increased with increasing rates of SPB-L in all soils,
primarily attributing to the release of Ca from SPB-L that held up to 10 times more exchangeable
Ca than the unamended soils. This surplus Ca was largely a result of Ca input from Ca(OH)2 that
was added to SPB-L. Additionally, increases in soil pH with SPB-L amendments would result in
deprotonation of functional groups from soil minerals, resulting in more negative charges that
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could contribute to increases in exchangeable Ca. In contrast, our SPB had a lower concentration
of exchangeable Ca and lower pH compared to soils. Therefore, either no or significant decreases
in exchangeable Ca were found, with the magnitude varying by soil. The decrease in
exchangeable Ca was observed in forest organic and blueberry soils only. This reflects
contributions from high SOM, which is a rich source of surface negative charges that could be
satisfied by positively charged groups on biochar surfaces, thus decreasing cation exchange sites
available for Ca adsorption (Clough & Skjemstad, 2000). Results of exchangeable Mg in forest
organic and blueberry soils with biochar amendments were the same as that of exchangeable Ca,
attributing to the mechanisms described previously. It is also worth noting that, SPB-L applied at
a rate equal to or greater than 25 t ha-1 significantly decreased exchangeable Mg in potato and
vegetable soils. This decline in exchangeable Mg likely reflects competition with Ca from the
limed biochar and could become a concern if it represented a nutritional imbalance for the crop.
Agricultural soils, particularly potato soils in Maine typically exhibit P deficiency
(Sharma et al., 2017). Therefore, P fertilizers are typically applied by farmers to fulfill crop P
requirement and compensate for leaching losses. However, crop use efficiency of applied P in
Maine is only about 17% (Sharma et al., 2017). It has been widely reported that biochar can
function as a reservoir of P for soils and a certain fraction of this P is available for plant uptake
(Chintala et al., 2014b; Zhang et al., 2016). Therefore, increases in extractable P after biochar
addition was expected in our agricultural soils. Indeed, significant increases in extractable P with
both SPB and SPB-L amendments were observed in potato and vegetable soils, consistent with
many previous studies (Laird et al., 2010a; Lévesque et al., 2021; Manirakiza et al., 2020). We
attribute this increase in extractable P to P from both biochars, with higher rates resulting in
higher extractable P. Despite the SPB-L amended soils having a higher pH that should result in
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greater P availability, extractable P was generally lower than in the SPB amended soils. This is
likely caused by Ca fixation of P in the SPB-L amended soils, due to the high Ca concentrations
(Schneider & Haderlein, 2016).
Effects of wood-derived byproduct biochar on soil TC, soil respiration, and microbial
biomass
Results from this study indicated that our wood-derived biochar increased soil total C,
which agrees with most biochar amendment studies attributing this increase to the high intrinsic
C content of biochar (Smith, 2016; Steinbeiss et al., 2009). Our results also indicated some
evidence of C loss since the empirical increases in total C concentrations were lower than the
calculated theoretical increases for both biochars. We hypothesize that the loss of C from biochar
amended soils could be a result of (1) increased soil respiration, (2) loss of biochar C as
dissolved organic carbon (DOC), and/or (3) transport of biochar particles in soils. The first
mechanism was rejected since measurements of soil respiration were not correlated with rates of
biochar addition. For the second hypothesis we did not have a direct measurement of soil
leachate. Several studies have reported that while biochar increased the amount of C in soil, a
small fraction of C was removed as DOC, with DOC leaching varying with soil texture (Bell &
Worrall, 2011; Liu et al., 2016; Major et al., 2010; Mukherjee & Zimmerman, 2013; Yang et al.,
2019). Barnes et al. (2014) reported that in general, biochar amendments increased DOC
leaching from C-poor sandy soil but decreased DOC leaching from C-rich organic soil, with no
changes observed when biochar was mixed with clay-rich soil. The increased C loss (i.e.,
differences between empirical and calculated C increases) observed in all mineral soils compared
to forest organic soil suggests that the second mechanism may be a contributing factor to C loss
in this experiment. Results from our study illustrated that although there was evidence of C loss
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in all mineral soil materials, SPB-L treated mineral soils exhibited a higher C loss than that with
SPB amendments, supporting the possibility of the third hypothesis due to a pH-dependent
mechanism. Zhang et al. (2010) showed that the movement of biochar particles was largely
dependent on pH, with biochar retention being enhanced by lowering pH. In summary, we
suggest that differences between empirical and calculated C increases may have been driven by
the combination of DOC leaching and biochar particle transport. This is particularly evident in
SPB-L amended blueberry soil where a coarse texture and increased pH promoted C loss and
thus widened the differences between empirical and calculated C increases.
Results showed that biochar amendments resulted in a numerical trend for increased
microbial biomass and had no effects on soil CO2 emissions in all cases. This is consistent with
most biochar amendment studies that typically report increased microbial biomass but no or
reduced CO2 emissions with biochar addition at rates comparable to this study (Du et al., 2017;
Fidel et al., 2019; Ge et al., 2019; Liu et al., 2016). This limited change in CO2 emissions is
likely caused by the accumulation of aromatic C in biochar that is not easily degradable (Li et al.,
2018). Because the response of soil respiration to biochar addition is expected to be influenced
by biochar application rate, rates higher than used in this study could result in higher soil
respiration rates. For example, Stewart et al. (2013) showed measurable increases in soil
respiration by 8% with 25 t ha-1 (1% of soil) but over 35% increase with 100 t ha-1 (5% of soil)
of biochar. Although pH has been shown to have a significant influence on the rates of soil
respiration, there was no significant effect of pH as influenced by biochar amendments on
mineral soil respiration in this study. We attribute these results to variability in the data and
inconsistent differences in soil respiration among biochar rates. The exception was in the forest
organic soil, where SPB-L increased both pH and soil respiration that reflected increased nutrient

87

availability supporting the higher rates of soil microbial activity (Wang et al., 2016; Wardle et
al., 2008; Xu et al., 2016).
Effects of wood-derived byproduct biochar on soil TN, inorganic N, and PMN
Nitrogen availability in wood-derived biochar is low, attributable to low N concentrations
in biochar and the existence of heterocyclic compounds that are resistant to microbial
decomposition (Clough et al., 2013). Indeed, most studies with a single application of biochar
have reported limited effects on soil TN (Asadyar et al., 2021; Case et al., 2012). Our results
align with the literature, suggesting that our biochar is also not an important source of available
N.
Although biochar addition did not alter TN concentrations in soils, biochar tended to
decrease both NH4+-N and NO3--N concentrations in all soil materials, consistent with many
studies that reported decreases in NH4+-N and NO3--N concentrations following biochar
application ( e.g., Ippolito et al., 2016; Lovett et al., 2004; Luo et al., 2016). Declining NH4+-N
and NO3--N concentrations in soils following biochar treatments could be a function of (1)
increased biochar adsorption by functional groups, (2) desorption due to increasing
concentrations of exchangeable base cations, (3) increased gaseous loss through volatilization,
and/or (4) decreased N mineralization. Studies have shown that biochar has the capacity to
adsorb NH4+-N and NO3--N to surface functional groups by electrostatic attraction (NH4+-N) and
unconventional H-bonding (NO3--N) (Gai et al., 2014; Kammann et al., 2015; Lawrinenko &
Laird, 2015; Mukherjee et al., 2011). The adsorbed NH4+-N and NO3--N ions should be
completely desorbed by salt solution extractions such as KCl (Clough et al., 2013; Nelson et al.,
2011). However, Saleh et al. (2012) showed that only a small proportion of adsorbed NH4+-N
and NO3--N can be recovered by 2M KCl. This is attributed to the capture of NH4+-N in
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biochar’s extensive pore structures and reactions between NO3--N and biochar that change the
form of N (Clough et al., 2013; Saleh et al., 2012). Therefore, the first mechanism could be a
reason explaining our declining NH4+-N and NO3--N concentrations that were extracted by 1M
KCl. The second mechanism is a likely cause of NH4+-N reductions in our soils since Ca and Mg
concentrations were significantly increased by biochar treatments. This was particularly evident
in SPB-L where the addition of lime significantly increased exchangeable Ca in all soils. Several
studies have shown that biochar stimulates soil N volatilization due to elevated soil pH (Pan et
al., 2016; Yang et al., 2015), with the magnitudes of N volatilization depending on biochar pH
and application rates. In the meta-analysis by Liu et al. (2018), significant increases in N
volatilization were associated with higher biochar pH (> 9) and/or greater application rates (> 40
t ha-1), while no significant effect occurred when biochar pH and application rates were below
the ideal range. Although we did not have data for N volatilization, the low biochar pH and/or
application rates suggest that the contribution of gaseous losses to NH4+-N decline was likely
negligible. Our results showed some evidence in support of the fourth hypothesis where
declining PMN resulted from increasing rates of biochar amendments. However, potato and
vegetable soils showed increasing PMN rates with increasing levels of SPB-L. The increased or
decreased PMN rates are likely a result of the competing influences of C:N ratio and pH on N
mineralization dynamics, with lower C:N ratio (< 25:1) and/or higher pH stimulating N
mineralization (Rigby et al., 2016; Robertson & Groffman, 2006). Our results indicated that
although the addition of acidic SPB and alkaline SPB-L resulted in contrasting soil pH, PMN
rates decreased in forest organic, forest mineral, and blueberry soils, attributing declining PMN
rates to the high C:N ratio of these soils (Table 4.1). However, PMN rates in potato and
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vegetable soils decreased with SPB but increased with SPB-L additions, suggesting that PMN
rates in low C:N ratio soils treated with biochar were mostly influenced by pH.
Effects of wood-derived byproduct biochar on plant growth
Plant biomass yield, as a bioindicator of soil quality, has been commonly reported to be
positively influenced by biochar additions in the presence of inorganic or organic fertilizers
(Adekiya et al., 2020; Blackwell et al., 2015; Manolikaki & Diamadopoulos, 2017). However, no
or negative effects have been typically reported in many previous studies that applied biochar
without the addition of supplemental nutrients, due to low N availability and N mineralization in
biochar amended soils (Ding et al., 2010; Edenborn et al., 2018; Taghizadeh-Toosi et al., 2011).
Similarly, results from this study also showed that a single application of byproduct biochar had
no significant effect on biomass yield. As previously discussed, NH4+-N and NO3--N
concentrations and PMN rates decreased with additions of both biochars. Therefore, we attribute
a lack of enhanced ryegrass biomass to low N availability resulting from biochar addition.
Results from OLS-LM analysis showed that decreased ryegrass biomass was correlated with
decreased NH4+-N and NO3--N concentrations (R2 = 0.33, p < 0.0001) and PMN rates (R2 = 0.18,
p < 0.0001), supporting our hypothesis.
Our results also suggest that higher biochar amendments influenced ryegrass
photosynthetic allocation by altering soil C:N ratios. As shown in Table 4.2, higher C:N ratios
resulted from higher biochar amendment rates, and a significant correlation between root:shoot
ratio and soil C:N ratio was found for most soils (Figure 4.5). Therefore, we suggest this reflects
increased belowground photosynthetic allocation due to the decreasing availability of N with
higher biochar rates. This mechanism is consistent with the results of a study by Xiang et al.
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(2017), where they reported that plants on low fertility soils likely allocated more C to enhance
fine root production thereby improving access to limiting nutrients from soil.
CONCLUSIONS
Biochar as a soil amendment has increasingly been the focus of research designed to
improve soil health, enhance crop yields and sequester C for climate change concerns. In this
study, we evaluated the utilization of a wood-derived industrial byproduct biochar as a soil
amendment and found most soil responses were similar to what has been reported in the
literature for soil amendments with traditional biochar produced by pyrolysis. Significant effects
on soil properties from the wood-derived industrial byproduct biochars used in this study
typically occurred at application rates of 25 t ha-1 and/or higher. Generally, soil pH and
exchangeable base cations (e.g., exchangeable Ca) increased with SPB-L, but decreased with
SPB additions, highlighting the chemical dominance of Ca(OH)2 in SPB-L that was added to
adjust pH. Both biochars were effective at increasing soil total C content, but empirical increases
in total C for all mineral soils were lower than theoretical increases, attributed to biochar C
losses as DOC and particle transport. The degree of biochar C loss appeared to be higher in
coarser textured soil. Both biochars did not significantly affect soil respiration, suggesting
biochar C was not readily utilized by soil microbes supporting the potential value of biochar to C
sequestration goals. Our results showed biochar amendments did not affect biomass yield in most
cases, consistent with other biochar soil amendment studies in the literature that did not also
include nutrient amendments. This highlights the importance of other cultural practices
associated with biochar soil amendments in achieving crop and C objectives of management.
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CHPATER 5
MODELING THE LONG-TERM EFFECTS OF BIOCHAR APPLICATION
AND CLIMATE CHANGE ON CARBON SEQUESTRATION IN MAINE
AGRICULTURAL SOILS

INTRODUCTION
Since the last century, anthropogenic greenhouse gas (GHG) emissions have been
increasing by more than 3% annually (Woolf et al., 2010), resulting in atmospheric carbon
dioxide (CO2) concentrations reaching 413 μmol mol-1 in 2020 (Dlugokencky & Tans, 2021).
Continuous increasing GHG emissions challenges the goal of limiting global increase in
temperature to less than 2 ℃ above preindustrial temperatures. As the largest terrestrial C pool,
up to 2500 Pg of C is stored in world soils (Batjes, 2014), where it has been noted in the
literature that a small change in this large C pool could represent a major influence on
atmospheric CO2 concentrations (Davidson et al., 2000; Kirschbaum, 2000).
Biochar, a carbon-rich residue formed by pyrolysis of organic material in oxygen-limited
conditions, has been widely recognized as an often effective soil amendment that can improve
soil health and mitigate GHG emissions (Gholami et al., 2019; Peake et al., 2014; Woolf et al.,
2010). During the biochar production process, approximately 50 to 80% of feedstock biomass is
converted to liquids and vapors that can be used to generate bioenergy (Gray et al., 2014) or
other bioproducts, whereas the remaining biomass is collected as a residual stream of biochar
that is typically recalcitrant and can persist in the environment for long time periods when used
as a soil amendment (Fang et al., 2014; Lehmann et al., 2012). The recalcitrance allows biochar
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to be an effective soil amendment that increases SOC sequestration and simultaneously
compensates for GHG emissions (Ippolito et al., 2012). In a modeling study aiming to estimate
the maximum sustainable technical potential of biochar to mitigate climate change, Woolf et al.
(2010) reported that biochar production could reduce GHG emissions by a maximum of 1.8
PgCO2e yr-1, without threatening ecosystem stability. Smith (2016) assessed the mitigation
potential of negative emission technologies and demonstrated that biochar could offer a negative
emission potential of 0.7 PgCO2e yr-1, which was superior to all other negative emission
technologies (NETs) when considering economic cost, energy requirements, land use, and soil C
sequestration. Recently, natural climate solutions (NCS) that included a collection of
conservation, restoration, and improved land management practices have been attracting
increasing interest due to their benefits in GHG emissions mitigation and ecosystem services
(Fargione et al., 2018). Griscom et al. (2017) quantified the climate mitigation potential of 20
NCS, demonstrating that biochar in agroecosystems had the largest potential maximum climate
mitigation of 1.16 PgCO2e yr-1. It is also argued that the application of biochar as a soil
amendment typically improves soil health and agricultural productivity, particularly in lowfertility and degraded soils, with the magnitude of these beneficial effects depending on the
composition of biochar and condition of soils (Backer et al., 2016; Streubel et al., 2011).
Increases in SOC are noteworthy with biochar soil amendments (Weng et al., 2017; Kimetu &
Lehmann, 2010; Lorenz & Lal, 2014). However, there remain important uncertainties with a
number of long-term studies reporting positive, negative, and no priming effect of native SOC
pools following biochar application, typically the result of increased SOC mineralization in the
first few years with decreased SOC mineralization thereafter (Ding et al., 2018; El-Naggar et al.,
2018; Wang et al., 2016). In addition, a small fraction of biochar C exists in the form of
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dissolved organic carbon (DOC) that is labile and bio-degradable (Fu et al., 2016; Norwood et
al., 2013). This has been shown in the literature to date to result in up to 0.6% of the added
biochar C lost from system through DOC leaching (Liu et al., 2019).
Recently, the state of Maine has set a series of goals to reduce GHG emissions in the next
three decades (Maine Climate Council, 2020). To achieve these goals, Maine has to remove
additional C from the atmosphere and sequester it into other reservoirs such as soil, sediments,
vegetation, and forest products. Daigneault et al. (2021) recently assessed the potential of a range
of NCS practices in agriculture and forestry for Maine. They reported that application of 15 Mg
ha-1 biochar to soil in one year of a 20-year cycle resulted in an annual GHG mitigation potential
of 0.37 PgCO2e yr-1. However, this assessment lacked specific consideration of types of soil and
biochar. Other assessments of evaluating long-term effects of biochar applications on SOC
dynamics have been carried out using multi-compartmental models such as the CENTURY and
the Rothamsted Carbon Model (RothC). In the CENTURY, the incoming organic materials are
partitioned into structural and metabolic pools based on the lignin to N ratio (Parton et al., 1996).
Dli and Oelbermann (2014) evaluated the long-term effects of biochar on SOC using the
CENTURY model, where a wood-derived biochar was added and partitioned into the structural
pools in the CENTURY model due to its high lignin to N ratio (i.e., 95% lignin to 0.24% N).
However, this pool has a slow decomposition time of 10 to 50 years that is at least 10 times
faster than the typical biochar turnover time (Parton et al., 1996). Mondini et al. (2017) modified
the standard RothC model by introducing two additional pools to include descriptions of biochar
decomposition rate, but it lacked specific modifications for individual biochars. Lefebvre et al.
(2020) also used a modified RothC model, with a sub-model being developed to divide the
biochar C into fresh plant materials that were fed into RothC and recalcitrant materials that
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slowly decomposed to CO2. However, this modified model lacked modifications of partition
coefficients and decomposition rates for different biochars. In this study, we modified the
standard RothC model by (1) introducing additional decomposable and recalcitrant pools of
biochar, and (2) adjusting partition coefficients and decomposition rates for these additional
pools based on the composition of biochar used. The overall purpose of this study was to (3)
simulate the long-term effects of biochar additions under different future climate pathways to
characterize the potential long-term effects of biochar amendments in agricultural soils in Maine.
MATERIALS AND METHODS
Characteristics of soil and biochar
For this study, all soil data were taken from the most recent Gridded Soil Survey
Geographic (gSSURGO) database, which is the most comprehensive database of soil in US.
Within the gSSURGO database, soil samples are collected from pedons that are excavated to a
maximum depth of 200 cm or to consolidated bedrock, followed by measurements of soil
attributes either on site or at laboratories. Because land cover is not included in the gSSURGO
database, we combined gSSURGO with the 30m resolution National Land Cover Dataset
(NLCD) to determine the distribution of soils that were under an agronomic land use to include
cultivated crops and pastures. This resulted in a total number of 1395 and 1453 pedons being
classified as cultivated cropland (~167582 ha) and pastureland (~ 143356 ha), respectively. Soil
variables that included depth (0-20 cm), SOC concentration, bulk density, and coarse fragments
were then utilized to calculate SOC density (Mg ha-1) for each pedon. Agricultural soil in Maine
covered a broad spectrum of soil textural classes, with sand and silt fractions dominating in most
soils. The clay fraction ranged from 0 to 46.1%.
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The influence of biochar amendments to soils has been commonly reported to be highly
influenced by feedstock characteristics and pyrolysis temperatures of the production processes
(Gul et al., 2015; Ronsse et al., 2013; Tomczyk et al., 2020). This study used a wood-derived
industrial byproduct biochar and a conventional biochar that represented contrasting pyrolysis
production procedures as exogenous organic matter inputs to agricultural soils in Maine. The
industrial byproduct biochar was obtained from the Forest Bioproduct Research Institute at the
University of Maine, where a renewable fuel production process was developed to produce fuels
from woody biomass. This process involved a series of acid treatments to extract renewable
fuels, with a residual that represented the biochar byproduct that was retrieved dominated by
hemicellulose and lignin components of wood. For this study, this wood-derived industrial
byproduct biochar was lime stabilized, followed by laboratory analyses to characterize these
materials (Table 5.1). In contrast, a conventional biochar produced from pyrolysis of woody
biomass was also utilized in this study. We used data from a meta-analysis in a synthesis report
of IPCC (IPCC, 2019) for the characteristics of our conventional biochar.
Description of RothC model
The RothC model is one of the first multi-compartmental models to be developed for
estimating turnover of organic carbon in soil, and it has been evaluated and optimized for a
variety of ecosystems in various climate regions (Coleman et al., 1997; Mondini et al., 2017).
The RothC model describes the SOM dynamics by dividing the incoming plant materials into
four active C pools with different turnover rate (K) and a small amount of inert organic matter
(IOM). The four active compartments consist of decomposable plant material (DPM, KDPM = 10
yr-1), resistant plant material (RPM, KRPM = 0.30 yr-1), microbial biomass (BIO, KBIO = 0.66 yr-1),
and humified organic matter (HUM, KHUM = 0.02 yr-1). Each pool, excluding IOM, decomposes
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in the model according to first-order kinetics, with a proportion being released as CO2 as a result
of inter-pool transformations (Coleman et al., 1997).
In the RothC model, plant materials and farmyard manure are considered as the two major types
of external C inputs to the soil. Incoming plant materials are divided between DPM and RPM,
with the partition coefficient (f) dependent on the characteristics of the source plant materials.
For example, a DPM/RPM ratio of 1.44 is applied to most agricultural crops and improved
grasslands, indicating that 59% of plant material is DPM and 41% is RPM (Coleman et al.,
1997). The partition coefficients for farmyard manure are fixed, namely 49% of DPM, 49% of
RPM, and 2% of HUM (Coleman et al., 1997). The structure of the standard RothC model is
shown in Figure 5.1A.
Modification of the RothC model
As previously described, the standard RothC model considers C input in the form of
exogenous organic matter as farmyard manure only, with a fixed partition coefficient being
assigned to exogenous organic matter of varying compositions. However, a fixed partition
coefficient may not be sufficient to describe the proportionality of decomposable and recalcitrant
substances in biochar, since it has been widely reported in the literature that the composition of
biochars varied largely by feedstocks and pyrolysis temperatures (Kloss et al., 2012; Li et al.,
2019; Zhao et al., 2013). Therefore, the standard RothC model was modified by introducing an
additional decomposable biochar C pool (DBC) and a recalcitrant biochar C pool (RBC), with
the partition coefficients and decomposition rates varying by types of biochar applied. As
previously described, a conventional wood-derived biochar and an industrial byproduct biochar
derived from softwood pulp were considered as exogenous C inputs that needed to be analyzed
in this study. According to the published meta-analysis of biochar with different
97

characterizations (Wang et al., 2016), we approximated that 3% of the applied conventional
wood-derived biochar C was labile, and the turnover rate of this labile biochar C pool was 3.38
yr-1. The remaining 97% was considered as recalcitrant that would decompose at a constant rate
of 0.001108 yr-1 (IPCC, 2019). Therefore, a DBC/RBC ratio of 0.03 was applied to the
conventional wood-derived biochar.
Mondini et al. (2017) analyzed the partition coefficients for different types of exogenous
organic matter and showed that for bioenergy biochar byproducts, the partitioning fraction for
DBC and RBC was 13% and 87%, respectively. In this study, we considered our industrial
byproduct biochar as bioenergy byproducts described by Mondini et al. (2017). Therefore, a
DBC/RBC of 0.15 was applied to the industrial byproduct biochar accordingly. The turnover rate
of industrial byproduct DBC pool was 3.85 yr-1, which was estimated according to incubations of
industrial byproduct biochar at various rates with typical soils in Maine (Chapter 4, this
dissertation). Due to the lack of sufficient data indicating the degradability of industrial
byproduct RBC, we assumed that the RBC of industrial byproduct biochar would decompose at
the same rate as RBC of conventional wood-derived biochar (0.001108 yr-1). The structure of the
modified RothC model is shown in Figure 5.1B.
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Figure 5.1. Structure of the standard (A) and modified (B) RothC model with a sub-model
describing decomposition of biochar. PM = plant material; DPM = decomposable plant material;
RPM = recalcitrant plant material; BIO = microbial biomass; HUM = humified organic matter;
IOM = inert organic matter; DBC = decomposable biochar C; RBC = recalcitrant biochar C; f =
partitioning coefficient; K = turnover rate for each carbon pool (yr-1).
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Modeled scenarios
Typically, soil organic C in agricultural soils is not in equilibrium, suggesting that if the
initial state (baseline) of a modeled system started at a non-equilibrium status, then it would be
impossible to differentiate between changes in soil C caused by ongoing response to historical
factors and those caused by the managements being analyzed here (Bellamy et al., 2005; Woolf
& Lehmann, 2012). Therefore, in this study, we adopted a widely accepted method of using a
pseudoequilibrium as the baseline (Lefebvre et al., 2020). By doing so, we ran the RothC model
with constant input parameters in the absence of future climate change for a period of 500 years.
The changes in SOC as a result of biochar additions, climate change, and their interactions were
then estimated relative to this baseline.
In biochar scenarios, either 5 Mg ha-1 of a conventional wood-derived biochar (2.14 Mg
of biochar C ha-1) or an industrial byproduct biochar (2.60 Mg of biochar C ha-1) were applied
every five years to agricultural soils in Maine. Climate scenarios used in this study included three
future climate conditions that were model-projected under different Representative
Concentration Pathways (RCPs; RCP2.6, RCP4.5, and RCP 8.5) from the Coupled Model
Intercomparison Project Version 5 (CMIP5). We also explored future C stock under the
integrated effects of both biochar applications and future climate pathways. In summary, this
study included 12 modeled scenarios simulating effects of two biochars, three climate scenarios,
and their combinations together with a baseline on C stock in Maine agricultural soils. All
scenarios were run for 30 years, starting at the initial C stock (baseline).
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Priming effect
Positive priming of native SOC pools as a result of biochar applications has been widely
reported in previous studies (Luo et al., 2011; Zimmerman & Ouyang, 2019). In this study, we
investigated the biochar-induced positive priming effect on native SOC decomposition by
adopting methods from Woolf and Lehmann (2012), where decomposition rates of DPM and
RPM (𝐾𝐷𝑃𝑀 and 𝐾𝑅𝑃𝑀 ) were increased by an amount proportional to the concentration of
biochar C applied in the soil.
′
𝐾𝐷𝑃𝑀
= 𝐾𝐷𝑃𝑀 (1 + 𝑃[𝐵𝐶])
′
𝐾𝑅𝑃𝑀
= 𝐾𝑅𝑃𝑀 (1 + 𝑃[𝐵𝐶])

Equation 8
where 𝑃 (1.38 %) is the priming coefficient for SOC, and [𝐵𝐶] is the concentration of biochar
applied, measured in (Mg C ha-1).
Biochar C loss through DOC leaching
Dissolved organic carbon (DOC) loss from biochar is critical to understanding C
dynamics, and a number of studies have been reported that biochar C lost as DOC leaching
accounted for 0.05 to 0.6% of the added biochar (Barnes et al., 2014; Liu et al., 2019). Therefore,
we explored the sensitivity of the modified RothC model to C lost from biochar as DOC leaching
by reducing biochar C input by 0.6% for the conventional wood-derived biochar based on Liu et
al. (2019), and by 1.18% for the industrial byproduct biochar based on a greenhouse bioassay,
where industrial byproduct biochar was applied to representative soils in Maine (Chapter 4, this
dissertation).
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Model input data
Climate data including monthly precipitation (mm), monthly evaporation (mm), and
average monthly air temperature (℃) were obtained from the Climate Reanalyzer (http://ccireanalyzer.org). As previously mentioned, the gSSURGO database provided all soil data
necessary to run the model. To estimate the amount of C returned to the soil from the annual
plant residue, we ran the RothC model at equilibrium state (aka. inverse mode) based on the
known total SOC, clay content, IOM, and climate variables. The size of IOM pool for the 0-20
cm depth was estimated according to Falloon et al. (1998). Biochar data are shown in Table 5.1.
Table 5.1. Parameter input means for running the modified RothC model.
Parameters

Value

Units

Reference

Cultivation period

May to October

-

-

Biochar application rate

5

Mg ha-1

Daigneault et al., (2021)

Biochar application depth

20

cm

-

Wood derived biochar C content

42.77

%

IPCC, 2019

Industrial byproduct biochar C content

51.99

%

This dissertation

Biochar recalcitrant pool mean residence time

902

Years

IPCC, 2019

Soil clay content

5.32

%

gSSURGO, 2019

Mean annual temperature

4.66

℃

Climate Reanalyzer

Mean annual precipitation

90.4

mm

Climate Reanalyzer

Mean evaporation

44.23

mm

Climate Reanalyzer

Averaged soil C stock at steady state

41.33

Mg ha-1

gSSURGO, 2019

Fresh yearly carbon input

9.21

Mg ha-1

Fallon et al., (1998)

DPM:RPM for plant material

1.44

-

Coleman et al., (1997)

DPM:RPM for wood derived biochar

0.03

-

Wang et al., 2016

DPM:RPM for industrial byproduct biochar

0.15

-

Mondini et al., (2017)
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RESULTS AND DISCUSSION
Simulation of SOC densities under different biochar and climate scenarios
Figure 5.2 shows the predicted SOC densities in surface agricultural soils in Maine under
two biochar scenarios and three future climate scenarios. The “Current” trend (baseline) in SOC
densities was predicted in the absence of biochar additions and future climate change, with a
relatively consistent SOC density of 41.33 Mg ha-1 being observed over time (Figure 5.2).
With no climate change, under both biochar scenarios the overall trend in SOC densities
significantly increased over time, although decreases in SOC densities occurred between each of
the periodic 5-year application cycles. In the first year of each application interval,
approximately 1.91 and 2.18 Mg ha-1 of C were gained from the conventional biochar and the
industrial byproduct biochar additions, respectively, and typically 0.67 and 1.90% of the initial C
accumulations were then lost in the 5 years. The overall increasing trend in SOC densities
following biochar additions was expected and is consistent with most biochar soil amendment
studies attributable to the high intrinsic C content of biochar and its recalcitrance in soils (Smith,
2016; Steinbeiss et al., 2009). Besides, increases in SOC densities were consistently higher (~
1.7% on average) with the byproduct biochar relative to the conventional biochar addition, and
the greater increases continuously accumulated over time. As shown in Figure 5.3, the overall
accumulations in SOC densities relative to the baseline under Current climate conditions were
26.8and 29.6% for conventional biochar and industrial byproduct biochar, respectively. The
greater increase with the industrial byproduct biochar likely reflects the higher C concentration
(52.0% of C) relative to the conventional biochar (42.8% of C). In the biochar sub-model,
incoming biochar C was partitioned into the DBC and RBC pools based on the partition
coefficients described in the Methods, suggesting that although 87% of the incoming industrial
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byproduct biochar C was considered as RBC, the actual RBC pool size was higher than that of
the conventional biochar where 97% is fractionated into RBC. In addition, the remaining 13% of
the added industrial byproduct biochar goes into the DBC pool, which continuously decomposes
and provides C input to HUM and BIO pools that slowly decompose and thus accumulate higher
SOC over time.
Figure 5.2. Soil organic carbon (SOC) densities (Mg ha-1) Predicted in surface agricultural soils
in Maine under different biochar scenarios and climate scenarios (RCP2.6, RCP4.5, and
RCP8.5). B = wood-derived conventional biochar; SPB = industrial byproduct biochar.

As described in the Methods, three model-projected climate scenarios (RCP2.6, RCP4.5,
and RCP8.5) were used in this study. The modeled results allowed us to compare the response of
biochar amendments under the Current climate scenario, as well as the three RCPs. As expected,
104

SOC densities under RCPs declined significantly when compared to the Current (baseline). For
soils without biochar input SOC densities decreased at an average annual rate of 9.6%, 9.7%, and
10.3% for RCP2.6, RCP4.5, and RCP8.5, respectively, and no significant differences in SOC
densities occurred among RCPs (Figure 5.2). These results are consistent with the literature
where climate change typically results in accelerated losses of SOC stock, suggesting that
elevated temperatures and precipitations accelerate SOC mineralization through stimulated
microbial activities and greater soil water availability, increasing the rate of loss of SOC stock in
the soil surface layer (Wiesmeier et al., 2016). Xu et al. (2011) used the RothC model to estimate
changes in SOC of grassland in response to climate change without long-term C input from soil
amendments. They reported that SOC stock in grassland estimated under future climate scenarios
decreased by up to 6% over a period of 40 years. Also using the RothC model, Afzali et al.
(2019) have reported that SOC stock was reduced by 0.2 to 3.5% during 36 years of simulation
under different climate scenarios. These impacts of a changing climate are consistent with
evidence around the globe. A recently released IPCC special report titled Climate Change and
Land highlights the alarming rate of global land degradation due to climate change among other
factors, including evidence for significant decreases in SOC stock on a warming planet (IPCC,
2019).
Although climate change caused accelerated losses of SOC as discussed above, the
additional biochar amendments still resulted in net increases in SOC over time (Figure 5.2).
Generally, SOC densities that resulted from the interaction between biochar amendments and
climate change scenarios resulted in net SOC accumulations between 1.92 (i.e., conventional
biochar under RCP2.6) and 12.53 Mg ha-1 (i.e., industrial byproduct biochar under RCP8.5), and
were significantly higher than under the Current scenario. In 2050, SOC densities with industrial
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byproduct biochar amendments increased by 14.6%, 14.4%, and 13.0% under RCP2.6, RCP4.5,
and RCP8.5, respectively (Figure 5.3). In comparison to the industrial byproduct biochar, the net
accumulation of SOC densities relative to baseline were 24.47%, 24.78%, and 28.12% lower for
soils amended with the conventional biochar under RCP2.6, RCP4.5, and RCP8.5, respectively
(Figure 5.3). In all climate scenarios, significantly higher SOC densities were predicted with the
addition of the industrial byproduct biochar, attributable to C concentration and biochar C
fractionations as discussed above.
Figure 5.3. Changes in SOC density estimated under different climate scenarios relative to the
baseline.

Figure 5.4 shows the effects of SOC pools due to a priming effect and DOC leaching that
are induced by the periodic biochar additions. In 2050, biochar amendments resulted in an
average of 45.09 and 45.21 Mg ha-1 of SOC predicted across all climate scenarios for the
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industrial byproduct biochar and the conventional biochar, respectively. When the priming
effects on native SOC due to biochar additions are considered, SOC densities decreased over
time, but only a small effect was estimated amounting to 0.28% (conventional biochar) to 0.33%
(industrial byproduct biochar) decline compared to the “No effect” where no priming effect and
DOC leaching were considered, respectively. In this study, the biochar induced priming effect
was represented as an increase in the decomposition rate constant for DBC and RBC pools by an
amount proportional to the concentration of C in the biochar added. In our case of the industrial
byproduct biochar had approximately 9.2% higher C concentration resulting in a faster
decomposition constant for RBC and DBC pools, and consequently resulted in more SOC loss
compared to the conventional biochar. While climate altered the rate of SOC density loss over
time, even in the worst climate scenario (RCP8.5) where increased temperature and precipitation
increase the mineralization of SOC, only small effects on SOC density were found. This is
consistent with Woolf and Lehmann (2012) who found that while biochar resulted in a priming
effect that increased SOC mineralization rates, even for the highest priming effect they modeled,
there was negligible impact on long-term SOC stocks.
Losses of SOC can also occur in biochar-amended soils through the leaching of DOC,
which has been commonly reported in the literature (Jamieson et al., 2014; Qu et al., 2016;
Smith, 2016) and empirically observed (Chapter 4, this dissertation). In this study, we estimated
that SOC leaching losses across all climate scenarios were approximately 0.10% and 0.25% of
SOC density for conventional biochar and industrial byproduct biochar, respectively. As with the
priming effect, the decline of SOC density was small. Even when accounting for both the
priming effect and DOC leaching losses of soils amended with biochar, the net loss of SOC due
to these processes was still relatively small compared to the net gain in SOC density from the
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biochar additions. As shown in Figure 5.4, there would only be a 0.58% and 0.38% loss of SOC
densities in 2050 with industrial byproduct biochar and conventional biochar amendments,
respectively. Given that these losses of SOC were less than 1% of total SOC density, the
dominant outcome from soil amendment with biochar was for considerable increases in SOC
density.
Figure 5.4. Effects of biochar-induced priming, DOC leaching, and that combined on SOC.

Effects of biochar on GHG emissions mitigation
The state of Maine had GHG emissions reduction goals of 10% below 1990 levels by
2020, and recently added goals of 45% below 1990 levels by 2030, and 80% below 1990 levels
by 2050. As previously discussed, although priming and DOC leaching negligibly reduced the
predicted increase in SOC density from biochar amendments, the overall trend in SOC densities
significantly increased over time under all biochar and climate scenarios. By quantifying those
108

modeled increases in SOC density, we can calculate the theoretical GHG mitigation potential of
agricultural soils amended with biochar in Maine for the rates and scenarios used in this study.
Figure 5.5 shows future cumulative GHG emissions projected both based on a linear
extrapolation of current emission rates as well as with reductions in future GHG emissions based
on the stated Maine emissions reduction goals. Without emission rate reductions, the cumulative
GHG emissions continuously increased, which resulted in approximately 1191 MMTCO2e
(million metric tons of CO2 equivalent) of additional GHG emissions to atmosphere by 2050.
Increasing cumulative GHG emissions were also evident when including Maine’s GHG
reduction goals but reached only 957 MMTCO2e by 2050. Not surprisingly, cumulative GHG
emissions also consistently increased even if C offsets were calculated based on the modeled
biochar soil amendments, although total GHG contributions to the atmosphere were less. This
highlights the potential value of biochar for GHG emissions mitigation, while also demonstrating
the potential scale of the benefit. According to our results, the most effective scenario (industrial
byproduct biochar under Current climate, no priming and DOC leaching) could yield 2.44
MMTCO2e yr-1 mitigation in GHG emissions, while the lowest mitigation potential of 0.77
MMTCO2e yr-1 came from the scenario that included effects of conventional biochar, RCP8.5,
priming effect, and DOC leaching.
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Figure 5.5. Effects of biochar additions on GHG emissions mitigation.
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Given these varied mitigation potentials, we calculated the contribution of different
biochar and climate scenarios in offsetting GHG emissions projected under current emission
rates and with reduction goals. As is shown by the inserted bar plots in Figure 5.5, cumulative
GHG emissions offsets by biochar addition increased over time, although decreases in offset
occurred between each of the application cycles, reflecting the consistent accumulation of
biochar C. Therefore, by 2050, up to 1.23% and 1.08% of the cumulative GHG emissions at
current rates were offset by industrial byproduct biochar and conventional biochar, respectively.
The corresponding offsets for the GHG emissions with reduction goals were 1.53% and 1.35%,
respectively. In addition, although approximately 50% lower offsets were found for both
biochars under the worst climate scenario (RCP8.5), the resulted cumulative GHG emissions
were still below Maine’s reduction goals. This suggests that long-term application of biochar to
surface agricultural soils is of potential value in offsetting GHG emissions in Maine, although
modest as a result of the extent of agricultural soils in Maine available for amendment.
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CONCLUSIONS
In this study, we used the modified RothC model to simulate the long-term effects of
biochar additions under different future climate scenarios to estimate the potential long-term
influences of biochar amendments in Maine agricultural soils on net GHG emissions. We found
that periodic biochar applications significantly increased modeled SOC densities over time, with
the largest SOC stock of 54.17 Mg ha-1 in 2050 resulting from the scenario using industrial
byproduct biochar in the absence of future climate change. Although the scenario that included
conventional biochar under RCP8.5 resulted in the lowest SOC density of 41.66 Mg ha-1 in 2050,
the overall consistent increases in SOC densities that were estimated under the combined effects
of biochar and climate change highlighted the potential value of biochar soil amendments in
enhancing soil C sequestration. Our results showed that SOC loss due to a priming effect and
DOC leaching accounted for less than 1% of total SOC density, suggesting that while these were
measurable losses, they did not detract significantly from the value of biochar as a soil
amendment for C sequestration goals. The overall increasing trend in SOC density because of
soil biochar amendments allows us to estimate the potential of biochar to mitigate GHG
emissions, and we found the highest mitigation potential of 2.44 MMTCO2e yr-1 from industrial
byproduct biochar without climate change. The least promising scenario (conventional biochar
under RCP8.5) had a GHG mitigation potential of only 0.77 MMTCO2e yr-1, that illustrated the
effects of different biochar compositions and the negative consequences of the higher future
climate warming scenario. All scenarios, however, reinforce the potential for biochar soil
amendments to reduce net GHG emissions, although the extent of agricultural soils in Maine
limits the scale of impact on Maine GHG mitigation goals.
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CHAPTER 6
DISSERTATION CONCLUSIONS
To answer the question “How much carbon is in Maine soils?” we found that all three
databases studied had strengths and weaknesses. This suggests it is important to know which
database best matches your objectives in selecting the soil database to use. The most universally
applicable and comprehensive database was the USDA NRCS SSURGO database, providing
complete coverage of the state with soil data to the greatest depth. We also used the SSURGO
database to model the effects of biochar soil amendments on SOC sequestration and found that
biochar was an effective means to increase SOC, despite losses over time due to a soil priming
effect, DOC leaching, and three different potential future climate scenarios that we included in
our modeling. Beyond the C benefits due to the use of biochar as a soil amendment, benchtop
and greenhouse experiments showed that a number of soil health indicators were improved
through biochar amendments. However, the bioassay results suggested that other cultural
practices will be important to achieve the desired yield results of growers and farmers. We
conclude that, as expected, biochar as a soil amendment clearly enhances SOC sequestration. It
is less clear what the likely outcomes would be for crop yield without conducting multi-year
field experiments that include the full suite of typical cultural practices (e.g., liming and
fertilization) as well as modifications of those practices that could enhance the potential growth
benefits of the biochar.
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APPENDICES
APPENDIX A
SUPPLEMENTAL INFORMATION FOR CHAPTER 2
Table A1. Number of pedons by drainage class and soil order for each database.

Database

Drainage Class

Soil
Order

ED
SED
WMD
WD
SPD
PD
VPD
———————————— n ————————————
Spodosols
90
326
288
459
93
28
1
Inceptisols
0
8
63
30
51
153
38
SSURGO Entisols
25
0
15
3
0
23
7
Histosols
0
2
0
9
0
0
53

RaCA

Spodosols
Inceptisols
Entisols
Histosols

7
2
2
6

7
1
0
0

1
5
0
0

3
2
0
0

10
1
0
0

7
16
0
0

0
7
0
41

FIA

Spodosols
Inceptisols
Entisols
Histosols

4
0
0
0

33
2
0
0

31
1
0
0

37
0
0
0

25
6
0
0

5
33
3
0

2
1
0
6
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Table A2. Results from a CATPCA comparing the contribution of soil orders, parent material,
drainage class and texture to SOC accumulation in the upper 20 cm of soil from SSURGO,
RaCA, and FIA.
FIA
Dim. 1 Dim. 2 Dim. 3

SSURGO
Dim.1 Dim.2 Dim.3

RaCA
Dim.1 Dim.2 Dim.3

Order

0.924 0.945 0.886

0.803 0.626 0.357

0.774 0.648 0.485

Parent Material

0.873 0.662 0.712

0.849 0.816 0.779

NA†

Drainage Class

0.814 0.566 0.205

0.705 0.517 0.496

0.843 0.667 0.636

Texture

0.072 0.095 0.077

0.456 0.528 0.604

0.594 0.483 0.455

Properties

† No data available.
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NA†

NA†

Table A3. Fe and Al concentration in Maine soils by soil order and horizon. Pedon data analyzed
were from NRCS National Cooperative Soil Survey (NCSS).

Soil Order

Element

Horizon
O
A
E
B
C
———————————— g kg-1 ————————————
NA†
41.1
NA †
NA †
53.1
NA†
34.9
NA †
NA †
39.4

Entisols

Al
Fe

Inceptisols

Al
Fe

20.6
10.2

62.0
29.6

59.4
28.3

60.1
30.9

55.9
28.1

Al
Fe
† No data available.

14.8
6.8

44.6
19.3

35.9
9.1

59.3
33.1

27.5
28.5

Spodosols
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Table A4. Number of pedons by parent material and horizon for the SSURGO database.
Parent Material
Eolian Outwash Lacustrine Till Marine Alluvium Organic NA†
———————————— n ————————————
A
395
1
7
1
351
15
17
2
1
Ap
386
0
36
15
254
55
26
0
0
Bs
2172
0
131
4
2032
2
0
0
3
Bw
146
0
13
0
29
78
26
0
0
Bg
282
0
0
21
130
89
15
27
0
Bhs
416
0
1
0
414
0
0
0
1
BC
1008
0
135
6
820
42
4
0
1
† No parent material was assigned.
Horizon

n
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APPENDIX B
A BRIEF LITERATURE REVIEW OF BIOCHAR AND ITS INFLUENCE ON SOILS
A Literature Report Prepared July 28, 2020

OVERVIEW
This report surveys the scientific literature on biochar, including features of its
production, composition, and utilization. The report is not intended to be comprehensive of all
biochar literature published and focuses particularly on aspects of biochar as a soil amendment.
The report demonstrates a great deal of interest in the utilization of biochar, increasingly of
interest as part of efforts to reduce atmospheric concentrations of greenhouse gases. The
literature is drawn from studies across a wide range of geographic locations and settings,
although there is limited research to date on biochar soil application in the U.S., and none were
found in Maine. Generally, the information reinforces the potential benefits of biochar for
various uses including as a soil amendment, although both positive and negative results are
evident in the studies. Rates of biochar amendments to soils under experimental conditions
typically range between 10 to 50 Mg ha-1, often with optimal results in the mid-range but highly
dependent on soil and cropping conditions. Another challenge with biochar research is the
infinite range of biochar compositions with differences often critical to their utilization. The
Appendix provides a tabular aggregation of the studies included in this report, with key features
of the experimental conditions listed for each.
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WHAT IS BIOCHAR?
Public concern about fossil fuel combustion and corresponding emissions of greenhouse
gases (GHG) has resulted in a growing interest in renewable energy sources and options for
carbon (C) sequestration in terrestrial ecosystems. Between 1750 and 2011, approximately 2040
± 310 Gt of anthropogenic CO2 entered the atmosphere through fossil fuel combustion and other
activities (IPCC, 2014), resulting in accelerated warming of the climate and related changes.
About 60% of atmospheric C derived from fossil fuel combustion, energy production, and
anthropogenic activities has been offset by some combination of soil, vegetation, and ocean
sequestration. This leaves approximately 40% of excess anthropogenic CO2 in the atmosphere
that increases CO2 concentration at an average annual rate of 2 ± 0.1 parts per million (ppm)
(GCP, 2010; USGCRP, 2018). Globally, soils contain about four times as much carbon as the
atmosphere (Lal, 2004). The most recent estimates for global soil organic carbon (SOC) stocks
are 1400 ± 150 Pg C in soils to 1 m depth and 2060 ± 220 Pg C in soils to 2 m depth (Batjes,
1996). Despite the reality that soils are a finite C sink, small changes in soil C stocks could lead
to significant variations in atmospheric CO2 concentrations. In North America, from 20% to 75%
of soil C has been lost due to the land conversion to agriculture and globally 5% to 15% Pg C is
expected to be released over the next 35 years as a result of increased temperature (USGCRP,
2018). Therefore, there is a growing societal need to find materials that not only contribute to
reducing the use of fossil fuels but also increase C sequestration in soil.
Biochar is a carbon-rich material that results when biomass, such as wood, leaves, and
manure, is heated in an oxygen-limited environment at temperatures above 250 ℃ (Butt et al.,
2018; IBI, 2015; Lehmann & Joseph, 2009). The utilization of biochar by human societies as a
soil conditioner is not a new technology. During the prehistoric time, Amerindian people of
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South America used slash and burn methods on abandoned settlements, enriching the soil with
biochar (Glaser et al., 2001). Amerindian people also used low heat but long duration fire for
food and pottery preparation, creating a biochar byproduct. They then applied biochar to gardens,
which resulted in accumulations of biochar in soils. In the 1950’s, patches of dark-colored soils,
known as terra preta, were first discovered by Dutch soil scientist Wim Sombroek in the
Amazonia rainforest, with these soils being characterized by high C concentration, low acidity,
and very stable soil organic matter (SOM) (Glaser & Birk, 2012; Lehmann, 2009). Compared to
the naturally occurring infertile jungle soils, the fertile terra preta soils have been widely used by
Amerindian people to improve soil properties and crop productivity in the Amazon Basin. The
use of biochar as a soil amendment to improve soil productivity and plant production has taken
place throughout history all over the world. Dating back to 1697, biochar has been described as
“fire manure” in an ancient Japanese text about agriculture by Miyazaki (Ogawa & Okimori,
2010). In the 21st century, global interest in biochar has grown rapidly as an alternative energy
source and a potential long-term soil C sink. Several studies have shown that biochar as soil
amendments not only benefits C sequestration (Verheijen et al., 2009), but also aids energy
production by using the energy released from thermochemical processes (Lehmann, 2007). The
purpose of this report is to synthesize our current understanding of the effects of biochar on both
soil properties and C sequestration.
Modern industrial processes often involve the thermal conversion of biomass under a
variety of temperatures, heating rates, and oxygen conditions, resulting in a wide variety of
charred products such as char, biochar, charcoal, and activated biochar. The following list of
terms defines the different pyrogenic carbonaceous materials (PCM) and provides brief
descriptions of the production systems and uses of products.
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Char is a solid product derived from heating any natural or synthetic organic material for
a long period at high temperatures with controlled oxygen supplies (Sohi et al., 2009). This term
is often used interchangeably with charcoal, but charred materials often refer to the product that
has experienced a lesser extent of charring than charcoal (Lehmann & Joseph, 2009; Schmidt &
Noack, 2000).
Charcoal, in contrast, is the solid product obtained when biomass, especially wood and
related organic materials, is burned in an oxygen-limited environment at low temperatures
between 350 and 500℃. The major application of charcoal is as fuels for heating and cooking,
but it can also use as the soil amendment or odor absorbent (Okimori et al., 2003).
Biochar generally refers to carbon-rich products derived from the pyrolysis of biomass.
The heating temperature, heating rate, and oxygen condition are critical to the pyrolysis process
and product distribution. Slow pyrolysis is generally used in biochar production, which involves
the thermal decomposition of biomass at low temperature (350-550℃) and in an oxygen-free
environment (Demirbas, 2004; Sohi et al., 2009). This type of pyrolysis results in about 35%
biochar in the final pyrolysis products (Meyer et al., 2011). Biochar is also formed during fast
pyrolysis of biomass, which involves short duration thermal conversion at higher temperatures
(600 - 900℃) (Demirbas, 2004; Sohi et al., 2009). Because the fast pyrolysis process aims to
achieve higher yields of bio-oil than biochar, approximately 12-26% of biochar is produced from
this process. Gasification of biomass at very high temperature (above 800℃) and the presence of
oxygen also produces biochar (Cha et al., 2016), but about only 10% of the products formed by
gasification remain as biochar (Meyer et al., 2011). Biochar produced by gasification has
enriched porosity and surface area. Therefore, it is commonly used in the process of water
filtration and waste removal (Prins et al., 2006).
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Activated biochar is manufactured by slow pyrolysis of biomass in an oxygen-free
environment at high temperatures (600 - 900℃) (Boehm, 1994; Sohi et al., 2009). This slow
pyrolysis at high temperature tends to increase the porosity and surface area of biochar, creating
a large absorptive capacity of various contaminants (Lehmann & Joseph, 2009; Tomaszewski et
al., 2007).
Activated charcoal describes the charcoal type substances that have been activated in
high temperature (above 700℃). Similar to activated biochar, activated charcoal encompasses
good capabilities in absorbing contaminants and water filtration. Activated charcoal and
activated biochar are also known as activated carbon, which is defined as any form of carbon
capable of adsorption (Hagemann et al., 2018).
Black carbon is the diverse and widespread charred material produced by the incomplete
combustion of organic matter and fossil fuels (Schmidt & Noack, 2000). Black carbon occupies a
continuum of materials from partial charred products to graphite and soot particles, representing
a significant C sink in the global carbon cycle. The presence of black carbon in soils also aids in
tracing fire history on a site (Schmidt & Noack, 2000).
Overview of biochar production
Biochar is a product of multiple thermochemical processes, with the quantity and quality
of biochar largely depending on each process and also the feedstock applied to the process (Sohi
et al., 2009). This section briefly summarizes different carbonization processes currently in use.
Pyrolysis
Pyrolysis is the thermal conversion of biomass under oxygen-free conditions at
temperatures from 300 to 900℃. During pyrolysis, cellulose, hemicellulose, and lignins are
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thermally converted to solid, liquid, and gaseous products, with their proportions primarily
depending on the pyrolysis processes and composition of the biomass materials to which the
process is applied. The reaction temperature, residence time, and heating rate are the primary
parameters that not only define different pyrolysis processes but also influence the product
distributions. Slow pyrolysis refers to the thermal decomposition of biomass by heating at
relatively low temperatures (450 to 650℃) for minutes to days (Hagemann et al., 2018). The
slow pyrolysis process is mainly used to produce solid products, such as biochar and charcoal, of
which the typical C content of the solid product is up to 95%. When slow pyrolysis is conducted
at higher temperatures (300 to 900℃), it produces primarily C as the residue and is called
carbonization, which produces biochar with the highest content of C (Libra et al., 2011; Sohi et
al., 2009; Verheijen et al., 2009). If slow pyrolysis is performed at low temperatures (< 290℃),
the process is known as torrefaction, which is mainly used to increase the caloric value before
combustion and improve the thermochemical properties of biomass for combustion and
gasification with the coal (Cha et al., 2016). Different from slow pyrolysis, fast pyrolysis
thermally decomposes biomass for less than 3 seconds and aims at a high yield of liquid product.
Fast pyrolysis produces approximately 10% of biochar, which is granular and has a lower caloric
value than that of slow pyrolysis (Demirbas, 2004). In general, pyrolysis is one of the most
widely used technologies in producing biochar, with the biochar yield gradually decreasing with
increased residence time and heating temperature.
Gasification
Gasification is a thermochemical process converting carbonaceous materials (e.g.
biomass, coals, plastic materials, petroleum) into gaseous products (H2, CO, CO2, and CH4),
liquid products (bio-oil), and solid products (char and ash) at a high temperature (> 800℃) and
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partially-oxidizing environment (Hagemann et al., 2018; Meyer et al., 2011). Gasification aims
mainly at maximizing gas production often used in electricity generation. Approximately 5 to
10% of biomass is converted to biochar after gasification (Cha et al., 2016). Although the yield
of biochar from gasification is low, it has enhanced porosity and surface area. This results in the
production of activated carbon that is beneficial for the removal of contaminants. Moreover,
biochar produced from gasification may have a risk of higher levels of metals and minerals,
therefore potential safety issues need to be considered when it is applied as a soil amendment
(Fernandes et al., 2003).
Hydrothermal Carbonization (HTC)
Pyrolysis and gasification are dry processes can produce high yields with low energy loss
when the biomass is dry. However, when the moisture content of biomass is high, separate
drying steps are needed to achieve high product yields with low energy. Therefore, the
hydrothermal process was developed to offset the shortcoming of the dry processes.
Hydrothermal carbonization (HTC), known as wet pyrolysis, refers to the carbonization of a
biomass and water suspension in an oxygen-limited reactor under elevated temperature (180 to
220℃) and autogenous pressure for 1 to 12 hours (Libra et al., 2011; Meyer et al., 2011). The
main products of HTC are biochar, bio-oil, and gas. However, in order to distinguish HTC
biochar from the biochar that resulted from dry processes, the solid product of HTC is called
hydrochar, and the C content of char produced from HTC is higher than that produced from dry
processes (Cha et al., 2016).
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Flash Carbonization
Another thermochemical technology, flash carbonization, is a process whereby a flash
fire is ignited under a packed bed of biomass at elevated pressure (1 to 2 MPa) for less than half
an hour to convert biomass mainly into gaseous and solid products. It has been reported that
approximately 40% of biomass is converted into biochar at 1 MPa (Antal et al., 2003), and
carbonization time decreases with increasing pressure.
Properties of biochar
Biochar can be used in a large number of applications, ranging from heat and power
production to soil amendments. The properties of biochar primarily depend on the feedstock and
operating conditions during the pyrolysis process. During thermal decomposition, biomass
materials lose mass mostly in the form of volatile organics, leading to shrinkage or volume
reduction (Lehmann & Joseph, 2009). Thus, the physical characteristics of the biomass materials
used influence the properties of the resulting biochar. To confirm this, microscopy analysis of
physically activated carbon has indicated the presence of honeycomb-like pores, similar to the
carbonaceous skeleton of the capillary structure of the original biomass (Lainne et al., 1991). In
addition, the chemical composition of biomass material also has a direct impact on the physical
properties of the biochar. Organic material, such as cellulose, hemicellulose, and lignin start to
experience thermal decomposition at temperatures above 120℃, losing chemically bound
moisture. Sjöström (1993) reported that hemicelluloses are decomposed at 200℃ to 260℃,
cellulose at 240℃ to 350℃, and lignin at 280℃ to 500 ℃. Therefore, the proportions of these
components will influence not only the degree of reactivity of the biochar but also the degree to
which the physical structure is modified during the pyrolysis process (Lehmann & Joseph, 2009).
In addition, biomass feedstocks with different contents of organic components will influence the
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yield of biochar. Typically, biomass with higher lignin content favors a higher biochar yield,
while the lower stabilities of cellulose and hemicellulose tend to be degraded more easily,
resulting in a lower yield of biochar (Weber & Quicker, 2018).
Operating conditions during the pyrolysis process that influence biochar physical and
chemical properties include the highest treatment temperature (HTT), reaction residence time,
pressure, reaction vessel, pre-treatment (e.g. drying, physical and chemical activation) and posttreatment (e.g. crushing and sieving) (Lehmann & Joseph, 2009). Among all of the factors that
contribute to biochar properties, the pyrolysis HTT tends to be the most important factor because
the fundamental changes related to biochar properties, such as surface area, porosity, pH, and
electric conductivity (EC), are all temperature dependent. Agrafioti et al. (2013) assessed the
effects of pyrolysis temperature on biochar produced from sewage sludge. They found that
pyrolysis temperature was the key factor affecting biochar yields, with the highest yield being
achieved at a temperature of 300℃. Meanwhile, biochar surface area increased with increasing
pyrolysis temperature as well. Novak et al. (2009a) reported similar findings showing that higher
pyrolysis temperatures resulted in greater surface area, elevated pH, and minimal total surface
charge. The porosity of untreated woody biomass depends largely on the type of wood, with the
porosity of most woody biomass falling between 50 and 55% (Plötze & Niemz, 2011; Weber &
Quicker, 2018). As mentioned above, several studies indicated that increasing pyrolysis
temperature results in a higher porosity of biochar. Somerville and Jahanshahi (2015) reported
the effect of pyrolysis temperature on the porosity of biochar made from Australian eucalypt
wood, and they found up to 70% porosity can be reached at 850℃. Porosity changes primarily
due to the escaping volatile gases during the carbonization process. Woody materials often
contain higher lignin content that requires a relatively high temperature to decompose.
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Simultaneously, a large number of volatile gases produced from the carbonization processes may
greatly contribute to biochar pore formation. Although the surface area of biochar increases with
pyrolysis temperatures, variations exist depending on the feedstock used. Weber and Quicker,
(2018) summarized the influence of pyrolysis temperature on biochar surface area from an
existing database. They reported that when different biomass feedstocks were heated at
temperatures ranging from 100℃ to 800℃, biochar with a maximum surface area of 800 m2/g
was produced from softwood at a pyrolysis temperature of 700℃. Shaaban et al. (2014) analyzed
the effect of heating temperature and residence time on properties of biochar made from
rubberwood sawdust. They found that initial surface area was low because of the feedstock, but
it still increased with pyrolysis temperature, with maximum values of 5.49 m2 g-1 being reached
at a pyrolysis temperature of 700℃ with 3 hours residence time. For biochar derived from
sewage sludge, although the surface area increases with pyrolysis temperature, the value of
surface area tends to remain below 100 m2 g-1 (Agrafioti et al., 2013; Lu et al., 1995). An
increased reaction residence time of feedstock in the reactor also leads to an increase in surface
area of biochar, but even a very long residence time of many hours is less efficient in increasing
biochar surface area compared to a rise in pyrolysis temperature (Wang et al., 2013). Although
both porosity and surface area of biochar increase with increasing pyrolysis temperature and
reaction residence time, they may decrease again at a high temperature between 800 and 1000℃.
The decrease in porosity and surface area with increased temperature is likely because of the
shrinking of the solid matrix.
Chemical properties of biochar are also important characters that influence biochar
utilization. The primary process during the carbonization is the thermal decomposition of the
biomass structure, leading to the detachment of functional groups and the release of oxygen and
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hydrogen. The functional groups, such as carboxyl, hydroxyl or formyl groups are often acidic in
nature. During biochar production, the functional groups are detached and released at higher
pyrolysis temperatures, leaving more basic solid products. The type and amount of functional
groups will affect the alkalinity of biochar. Accordingly, an increase in treatment temperature
results in a rise in alkalinity, which directly increases the pH of biochar. Shaaban et al. (2014)
found that the number of acid functional groups decreased when heating temperature and
residence time increased. They reported that all the biochars made from rubberwood sawdust
were alkaline when they were produced at heating temperatures above 400℃. Several studies
reported similar positive relationships between increased pyrolysis temperatures and pH values,
when different feedstocks such as Douglas fir wood, Douglas fir bark, poplar wood, pecan shell,
and poultry litter were pyrolyzed at different pyrolysis temperatures between 200℃ and 500℃
(Novak et al., 2009a; Suliman et al., 2016). The pH value increased with pyrolysis temperature,
regardless of the type of feedstocks. Additionally, pH values can also be influenced by increasing
the residence time, but this is more effective in the first 5 to 10 minutes of carbonization (Wang
et al., 2013). Since biochar is often produced by slow pyrolysis with residence times exceeding
this range, the practical influence of residence time on pH is limited (Weber & Quicker, 2018).
The loss of acidic functional groups, along with increased ash contents with pyrolysis
temperatures, not only increases biochar alkalinity but also electrical conductivity (EC). Cation
exchange capacity (CEC) describes the total electronegative charge on the surface of a material
that adsorbs cations, and it is used to describe the fertility of the soil. The CEC of biochar is
typically dependent on (1) surface functional groups, which provide negative surface charge to
adsorb cations, and (2) the surface area (Weber & Quicker, 2018). During the thermal
decomposition of biomass feedstocks, functional groups rapidly lose their structure with
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increasing heating temperatures, producing biochar with much lower negative surface charges.
Although increases of biochar surface area occur at higher pyrolysis temperatures, the negative
surface charge of biochar at those temperatures is reduced to such an extent that it is hard to
measure. Therefore, the highest CEC is typically achieved for biochar produced at relatively low
pyrolysis temperatures. This is the result of modest surface area increases and a maximum
density of electronegative charge on biochar surfaces. Novak et al. (2009a) reported that total
negative surface charge of biochars derived from peanut hull, pecan shell, and poultry litter
increased with pyrolysis temperatures, with the highest values being obtained at temperatures of
350 ℃. They also found the negative surface charges were too low to be detected at heating
temperatures above 500℃. An exception was noted for the biochars made from switchgrass
heated to 500℃, where 0.82 mmol eq/g C of negative surface charge remained. Since CEC is a
characteristic that can be important for soil fertility, most of the biochars made at high
temperatures with low surface charge are a poorer choice for increasing soil nutrient retention.
Thus, it should be noted that if the goal of using biochar is to increase soil quality, then the
biochar needs to be produced from selected feedstocks and lower temperatures that favor
relatively high biochar CEC.
Chemical composition of biochar also varies with different pyrolysis temperatures, and
the content of fixed C often determines the quality of biochar. The C content of biochar increases
with a rising pyrolysis temperature (Al-Wabel et al., 2013; Suliman et al., 2016). Research on
the effects of temperature on biochar structure has shown that the formation of highly ordered
aromatic structures within biochar began at 400 ℃, and that increased pyrolysis temperatures
strengthened the formation of biochar with an aromatic C structure (Demirbas, 2004; Kim et al.,
2012). The C content of biochar can also be influenced by different feedstocks. At high pyrolysis
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temperatures, wood and herbaceous biomass often produce a more C rich biochar than other
feedstocks such as sewage sludge and animal waste (Bruun et al., 2011). For biochar produced
by pitch pine, C content increased from 63.9% to 90.5%, as pyrolysis temperature increased from
300℃ to 500℃ (Kim et al., 2012). Whereas, for biochar derived from sewage sludge, a decrease
in C content was shown for the same temperature range (Agrafioti et al., 2013). Higher pyrolysis
temperature not only contributes to C content of biochar but also increases the thermal stability
of biochar. Sun et al. (2014) carried out a thermogravimetric analysis (TGA) to evaluate the
thermal stability of woody biochars. The TGA results indicated more stable biochar was
produced at pyrolysis temperatures higher than 400℃. Apart from changes in elemental
composition, the release of oxygen and hydrogen also leads to a decrease in their ratios with C,
which describes the progression of the carbonization process. Several studies reported that the
increases in pyrolysis decreased both H/C and O/C ratios, regardless of the type of feedstock
(Suliman et al., 2016; Weber and Quicker, 2018), and the highest decrease in atomic ratio
appeared at temperatures between 250℃ and 300℃ (Weber & Quicker, 2018).
UTILIZATION OF BIOCHAR
Use of biochar as absorbents in soil and water
Biochar is a valuable carbonaceous material that is widely used in agriculture to improve
crop yields and soil quality. Recently there has been increased interest in the utilization of
biochar beyond benefiting agriculture, to include uses in environmental decontamination and in
construction. Because biochar has a relatively large surface area, porous structure, and high
density of functional groups and aromatic compounds, it has been widely used as an adsorbent
for various pollutants (e.g., heavy metals and dye) in soil and aqueous system. In order to
understand the reason for the different efficiencies of contaminants removal by biochars, it is
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essential to identify the underlying mechanisms responsible for the adsorption process. The
adsorption mechanism varies with both biochar and contaminant characteristics. Important
biochar characteristics include surface area, the density of functional groups, porosity, and
composition and concentration of the mineral components.
For heavy metal adsorption, the mechanisms involve mainly consist of surface
complexation of the metal with active carboxyl and hydroxyl functional groups of the biochar,
electrostatic attraction, precipitation of heavy metals, ion exchange, as well as physical
adsorption (Tan et al., 2015). It is widely accepted that biochar has abundant surface functional
groups that create negatively charged surfaces that interact with positively charged heavy metals
in soil and water. Therefore, the addition of biochar to the soil dramatically increases the overall
electrostatic attraction of positively charged heavy metals. For example, heavy metals such as Cu
(II) showed a strong tendency to interact with the active functional groups of -COOH and -OH
on biochar surface, resulting in the formation of surface complexes that were fundamental in Cu
(II) adsorption (Tong et al., 2011). Lu et al. (2012) published a synthesis of the adsorption
mechanisms for Pb by sludge biochar describing four different processes: (1) electrostatic outersphere complexation due to metal exchange with K+ and Na+ in the biochar, (2) co-precipitation
and inner-sphere complexation of metals with organic matter and mineral oxides of the biochar,
(3) surface complexation with active functional groups of the biochar, and (4) precipitation as
lead-phosphate-silicate. A similar mechanism for removing Pb by precipitation has also been
reported by Xu et al. (2013). They emphasized that the high concentration of mineral functional
groups (e.g. CO32- and PO43-) in dairy manure biochar enhances Pb precipitation. This suggested
that mineral components in biochar play an important role in heavy metal removal.
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The disposal of organic wastes, such as dye, phenols, and pesticides, has been reported to
pose severe problems to water and soil since they alter substrate acidity and contain dissolved
solids and toxic compounds. Although conventional waste treatments have been applied to
remove organic contaminants from water and soil, some organic contaminants such as textile
dyes are difficult to deal with by conventional waste removal methods because they are stable to
light, oxidizing agents, and resist aerobic digestion (Mohan et al., 2014). Biochar, as a highly
cost-effective material, has been widely used in organic pollutants removal from water and soil,
with the mechanisms involved including electrostatic attraction, intermolecular hydrogen
bonding, pore filling, hydrophobicity, and π−π interactions (Qiu et al., 2009; Tan et al., 2015).
The specific mechanisms vary with different organic pollutants and are often related to the
properties of biochar. Qiu et al. (2009) studied the effectiveness and mechanisms of dye (brilliant
blue and rhodamine B) adsorption using biochar made from straw. They reported that the π- π
interaction between dye molecules and graphene layers of biochar, the electrostatic attraction,
and the intermolecular hydrogen bonding combined are the mechanisms for dye removal.
Meanwhile, the rich phenolic hydroxyls on the surface of straw-based biochar were proposed to
enhance the π- π interactions. Xu et al. (2011) investigated the adsorption of methyl violet on
biochars made from crop residues. They proposed that canola straw biochar with the highest
amount of negative surface charge tended to have the highest adsorption capacity, and the
mechanisms of methyl violet removal mainly consisted of electrostatic attraction that were
specific interactions between dye and carboxylate and phenolic hydroxyl groups on the biochars.
The adsorption efficiency of biochar is largely dependent on biochar properties, solution
pH, and concentration of adsorbent. Here we briefly synthesize some significant factors
influencing the removal of the contaminants by biochar. As described before, properties of
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biochar tend to be varied with different feedstocks, pyrolytic temperature, and residence time.
Increasing pyrolytic temperature, among other factors, is widely accepted to have significant
influences on biochar structural characteristics and the shape of the adsorption isotherms, which
in turn sharply enhances the adsorption efficiency of biochar (Tan et al., 2015). During the
pyrolysis process, the H and O content of functional groups tend to be easily reduced at high
temperatures, resulting in an increase in the degree of carbonization of organic matter and the
intense deoxygenation and dehydrogenation reactions (Peng et al., 2016). Ahmad et al. (2012)
reported that the content of fully carbonized organic matter increased about 29% and 21% for
soybean stover biochar and peanut shell biochar separately, with a rise in temperature from
300℃ to 700℃. Besides, the removal of oxygen-containing functional groups and the formation
of micropores at high temperatures also contributes to the increase of the surface area of biochar.
Peng et al. (2016) stated that adsorption behavior of reed biochar on pentachlorophenol was
significantly influenced by pyrolysis temperature. The results showed that the surface area of
reed biochar increased from 2.08 to 58.78 m2 g-1 and the pore volume correspondingly increased
from 0.008 to 0.119 cm3g-1, when pyrolysis temperature increased from 300℃ to 600℃, which
favored the adsorption of contaminants on biochar. The pH of the solution is another factor
affecting the biochar contaminant adsorption efficiency by influencing not only the surface
charge status and ionization of the adsorbent but also the degree of ionization and speciation of
the adsorbate (Regmi et al., 2012). Therefore, the effect of solution pH on biochar adsorption
efficiency is strongly influenced by the behavior of pH-dependent functional groups on biochar
and the type of contaminants. At lower pH, H+ in solution is absorbed by the negatively charged
functional groups present on the biochar, resulting in functional groups being protonated.
Biochar surface is positively charged when solution pH is less than the point of zero charge
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value, benefiting anion adsorption on biochar. Besides, cations compete with H+ for available
binding sites on biochar, and the electrostatic repulsion between positively charged functional
groups and cation contaminants reduces the adsorption of cation contaminants on biochar. At
higher pH, however, the competition between cations and H+ for available binding sites
decreased and more binding sites are released due to the deprotonation of functional groups (Lu
et al., 2012). Although the adsorption capacity of cation contaminants increases with increasing
pH, results from many studies have shown that cation adsorption by biochar does not increase
indefinitely with rising pH. Chen et al. (2011) reported that the adsorption capacity of Cu (II) and
Zn (II) on biochar derived from hardwood corn straw increased with increasing pH until pH of 5.
A similar result was also reported by Regmi et al. (2012), who evaluated the adsorption
efficiency of Cu and Cd on switchgrass biochar over a pH range of 2 to 10. They reported that
Cu and Cd adsorption increased dramatically as pH increased from 2 to 5 and remained nearly
100% at a pH of 5 and 7, while decreasing slightly at a pH of 10. This decreasing trend of
adsorption after a certain pH value can be explained as a result of the formation of hydroxide
complexes (Chen et al., 2011). In contrast to the effect of solution pH on cation contaminants
adsorption, pH effects on anion contaminants (e.g. dye) adsorption by biochar is the opposite.
For anion contaminants, maximum adsorption efficiency is achieved when pH is low. Nautiyal et
al. (2016) studied the influence of pH ranging from 2 to 10 on the adsorptive removal of dye by
biochar produced from residual algae. They showed a decrease in dye removal efficiency with
increasing pH, with the highest uptake of dye being observed at a pH of 2. The dosage of
adsorbent also alters the adsorption efficiency, suggesting that increases in adsorbent
concentrations result in a rise in adsorption efficiency of contaminants because of the increase in
the total amount of active sites (Tan et al., 2015). In fact, the adsorption efficiency increases with
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increasing adsorbent dosage until a certain level, but it remains constant with further increases in
adsorbent dosage (Chen et al., 2011; Nautiyal et al., 2016). Nautiyal et al. (2016) attributed this
decrease in adsorption efficiency at the higher adsorbent concentration to the overlapping of
binding sites, which inhibit the removal of contaminants.
Use of biochar as construction materials
Biochar always has favorable properties of low conductivity, high chemical stability, and
low flammability, which it has been considered for use as an additive in construction materials
(Gupta & Kua, 2017). Akhtar and Sarmah (2018) observed that flexural strength of cement
improved about 20% after adding up to 1% of waste (e.g., poultry litter, and pulp and paper mill
sludge) derived biochar. Zeidabadi et al. (2018) observed a similar improvement of 78% in
tensile strength for concrete produced with 5% treated sugarcane bagasse biochar. Biochar has
also been shown to be an effective bio-modifier, reducing the temperature susceptibility of the
asphalt binder, and consequently increase the rutting, moisture, and cracking resistance of
asphalt (Zhao at al., 2014a; Zhao et al., 2014b). In 2013, the first building using biocharcontaining construction materials was built at the Ithaka Institute in Switzerland. Up to 80% of
the biochar was mixed with clay, lime, and mortar for making light-weight plaster, bricks, and
concrete. This resulted in a building with excellent insulating characteristics, improving air
quality and demonstrating desirable controls on humidity. Another positive effect of using
biochar in construction materials is its capacity to reduce greenhouse gas emissions. Globally,
annual industrial CO2 emission from cement production is approximately 5% of total
anthropogenic CO2 emissions, while in the United States, the cement industry is responsible for
about 1% of total CO2 emissions (Andrew, 2018). Biochar has the ability to sequester
atmospheric CO2, and then the sequestered CO2 can be locked in the building and structures by
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using biochar-containing materials, making the building a net carbon sink. Gupta and Kua (2017)
pointed out that using biochar this way can potentially reduce greenhouse gas emissions by an
additional 25%.
Use of biochar as soil amendments
Biochar and soil physical thermal properties
Bulk density. The use of biochar as a soil amendment has been shown to affect soil physical
properties such as bulk density, porosity, structure, and water availability (Laird et al., 2010a).
Bulk density is one of the most studied soil physical properties following biochar application as
it is a good indicator of soil compaction and soil health. Bulk density is a key soil property
influencing productivity by affecting infiltration, root penetration and growth, available water,
soil aeration, nutrient availability, and microorganism activity. In 2016, Omondi et al. (2016)
performed a meta-analysis of literature data prior to October 2015 providing a synthesis of
biochar effects on soil physical properties. Overall, 128 datasets on bulk density were collected
from 34 published studies, most of which were conducted in greenhouse pot experiments and
laboratory incubations in Asia, Europe, and America. Blanco-Canqui (2017) reviewed studies
from 2016 about biochar effects on bulk density. Of the 15 selected studies, more than half of
them were performed in field experiments. They reported an average improvement (reduction) in
bulk density by 12%, which was in line with Omondi et al. (2016) who reported that biochar
application reduced bulk density by 7.6% on average. Table B1 lists recent findings about the
effects of biochar on bulk density taken from 20 studies that were published in 2019 and early
2020. Biochar soil amendments decreased bulk density by 0.17 to 31.2%, with an average
reduction of 10%. The decreases in bulk density following biochar application have been largely
attributed to four main mechanisms. (1) Mixing or dilution effects: the soil volume is occupied
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by the less dense and higher porosity biochar materials (Agbede et al., 2020; Verheijen et al.,
2019). Biochar has a much lower bulk density than that of mineral soils. Therefore, if 100 t ha-1
of biochar with a bulk density of 0.4 g cm-3 is applied to surface soil (20 cm) with an overall bulk
density of 1.3 g cm-3, and the biochar particles do not fill up existing soil pore space, the
resulting porosity will be increased with an overall bulk density reduction of 0.1 g cm-3 to 1.2 g
cm-3 (Verheijen et al., 2009). (2) Macroaggregates formation: improved microbial activity after
biochar application enhances organic matter decomposition, which produces polysaccharides and
other compounds that bind soil particles together to form macroaggregates (Oades, 1993;
Somerville et al., 2020). Biochar also benefits soil fungal growth, which accelerates
macroaggregate formation through the binding between their mycelia and soil particles (Hammer
et al., 2015). And (3) alteration of aggregate size distribution.
Although the biochar amendment reduces soil bulk density, the magnitude of this effect is
mostly dependent on the application rate and properties of soil and biochar. In some cases,
biochar applied at rates that are less than 10 Mg ha-1 may not significantly reduce bulk density
and higher than 50 Mg ha-1 no addition bulk density reductions were evident (Pratiwi and
Shinogi, 2016; Usowicz et al., 2016). Biochar properties also influence the extent of reduction in
soil bulk density. The study by Alotaibi and Schoenau (2019), who applied biochar that was
pyrolyzed at different temperature regimes (300°Ϲ, 400°Ϲ, and 500°Ϲ) to sandy desert soils,
found that biochar addition reduced bulk density, with the greatest decrease being found in soil
treated with the highest-temperature biochar. This is attributed to rather lower bulk density and
higher surface area and porosity of biochar produced under high pyrolysis temperatures. Bulk
density does not always decrease with an increasing amount of biochar applied, and the changes
are dependent on the stability of biochar. If the biochar that is applied has low mechanical
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strength and disintegrates relatively quickly into small particles, it will fill up the existing pore
space in soil, resulting in raises in bulk density of soil (Verheijen et al., 2009).
Porosity. As with bulk density, porosity is also an important soil attribute that is altered
by additions of biochar. Generally, biochar application increases total soil porosity by 1.9 to 50%
(Table B2). The findings from a synthesis of recent studies (2019 to early 2020) are in line with
the reviews by Omondi et al. (2016) and Blanco-Canqui (2017), who reported that biochar
addition increased porosity of soil by 8.4% and 12%, respectively. The increases in soil porosity
following biochar application have been largely attributed to (1) the relative low density and
highly porous inner structure of biochar (Petersen et al., 2016), (2) the positive effects of biochar
on the formation and stabilization of soil aggregates (Fang et al., 2016), (3) interactions of
biochar with soil mineral particles (Blanco-Canqui, 2017), and (4) the creation of large
macropores in the soils surrounding the biochar particles (Hardie et al., 2014). However, it is
worth mentioning that the rate of increase in soil porosity following biochar amendment is
greatly dependent on the pyrolysis temperatures that are used to produce biochar. As previously
described, the porous inner structure of biochar is a consequence of the pyrolysis temperature,
with highly porous biochar easily found to be produced under relatively high temperatures.
Andrenelli et al. (2016) showed that application of wheat bran derived biochar that was
pyrolyzed at 800 °Ϲ had no significant effect on soil porosity, whereas significant increases in
soil porosity were found with application of wheat bran biochar that was pyrolyzed at 1200 °Ϲ.
In addition, increases in soil porosity after biochar addition are also a function of biochar
application rates. For example, Omondi et al. (2016) reported in their review that increases in
soil porosity were 4%, 3.5%, 8.6%, and 19%, respectively, for low, medium, high, and very high
application rates, while increases in low and medium application rates were not significant. They
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also noted a highly significant increase (p < 0.01) in total porosity in coarse textured soils and a
significant increase (p < 0.05) in fine textured soils.
Soil water retention variables. Soil water retention variables (e.g., field capacity, water
holding capacity, and plant available water) are important soil metrics regarding water
availability for plant growth as they strongly influence water uptake and transport by plants,
which further impacts plant physiological characteristics and yields. Field capacity, water
holding capacity, and plant available water are all soil water retention variables sensitive to
biochar addition. A review of recently published studies indicates that generally, biochar addition
increases field capacity, water holding capacity, and plant available water, with these increases
attributed to an increased proportion of small pores and surface area following biochar addition
(Table B3). The smaller biochar particle sizes can fill pore spaces between coarse soil particles,
which decreases average pore size and enhances water retention (Liu et al., 2017). The specific
surface area for sandy loam, silt loam, and clayey soils ranges from 10 to 40 m2 g-1, 5 to 150 m2
g-1, and 150 to 250 m2 g-1, respectively. For biochar, however, the specific area can be as high as
3000 m2 g-1 that allows water to be retained not only inside pores but also between the particles
(Blanco-Canqui, 2017). However, the response of soil water variables following biochar
application is highly dependent on soil and biochar properties. This is supported by studies such
as Streubel et al. (2011) who found that only 25 out of 60 combinations of soil type and biochar
application rate had significantly higher water holding capacity. Blanco-Canqui (2017) further
confirmed this view by synthesizing studies of soil water retention after biochar application, with
17 out of 19 soils found to significantly increase after biochar addition. Two studies conducted
on clayey soils found no or a decrease in water retention following biochar addition, which
indicated that fine-textured soils may be less responsive to biochar application. Kalderis et al.
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(2019) found that soil water holding capacity decreased by 22% with the application of paper
waste and wheat straw derived biochar at a rate higher than 10% (w/w). This is in line with
Greenberg et al. (2019), who reported no significant improvement in the water holding capacity
with biochar application, although the yield of macroaggregates (2-0.25 mm) was increased. Fu
et al. (2019) added 0, 30, 60, and 90 t ha-1 corn straw biochar to agricultural soils, and indicated
that biochar application rate was crucial to agricultural soil field capacity, which the largest soil
field capacity was obtained with the biochar application of 60 t ha-1, and decreases in field
capacity were obtained with the biochar application higher than 60 t ha-1. These responses (e.g.,
decrease or no change) of soil water retention variables to biochar addition are due to (1) the
effect of increased porosity on increasing soil aeration (Kalderis et al., 2019; Fu et al., 2019).
High rates of biochar application increase soil pore volumes, while porosity increases aeration
rather than plant available water due to the coarseness of the pores (Paetsch et al., 2017). (2) The
extensive allocation of biochar to the particulate organic matter fraction, which reduces water
holding capacity by the creation of aggregated structures (Paetsch et al., 2017), and (3) the
hydrophobicity of biochar produced at high temperatures (Verheijen et al., 2009). In summary,
soil water retention, in most cases, increases with biochar application due to its effects on fine
pore formation and surface area, but may also decrease or not change under specific soil and
biochar conditions.
Water infiltration and hydraulic conductivity. Soil hydraulic conductivity measurements
provide information on the rate at which water can be transported through the soil system,
influencing nutrient leaching rates that affect plant physiological function, crop yields, erosion
and water quality. Studies on the response of soil hydraulic conductivity to biochar addition
reveal that, in most cases, responses of water infiltration and hydraulic conductivity are soil
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texture dependent (Barnes et al., 2014; Esmaeelnejad et al., 2017; Wanniarachchi et al., 2019).
Generally, biochar application can (1) reduce water infiltration and hydraulic conductivity in
coarse-textured soil, (2) increase infiltration and hydraulic conductivity in fine-textured (e.g.,
loam, silt loam, silty clay loam, clay loam, and clay) soil or compacted soils, and (3) have limited
or no impact on medium-textured soils. Decreases in water infiltration and hydraulic
conductivity are primarily a consequence of filling and clogging of macropores of sandy soils
with fine biochar particles. Additionally, the hydrophobic property of biochar increases water
repellency of amended soils, resulting in a decrease in water infiltration and hydraulic
conductivity. Sandy soils commonly have relatively high nutrient leaching rates, and the
reduction in water infiltration and hydraulic conductivity of sandy soils with biochar addition
could have positive implication for decreasing nutrient leaching and increasing nutrient
adsorption by roots. Increasing water infiltration and hydraulic conductivity of soils amended
with biochar are attributed to (1) increases in pore space of fine textured soils, and (2) increases
in macroporosity resulting from increased aggregation of clayey soils after biochar addition.
Generally, clayey soils have lower water flow rates than sandy soils. Therefore, biochar is an
amendment that has an important ability to improve water flow rate in clayey soils. Although
biochar increases water infiltration and hydraulic conductivity in sandy soils and decreases water
infiltration and hydraulic conductivity in clayey soils, it may not impact those attributes in
medium-textured soils.
Soil thermal properties. Soil thermal properties include soil thermal capacity,
conductivity, and diffusivity that are crucial in affecting the energy balance and the storage and
transfer of heat through soil systems. Liu et al. (2018) found that wheat straw biochar application
reduced soil thermal capacity and diffusivity by 20% under 26 Mg ha-1 of biochar and by 10%
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under 65 Mg ha-1 of biochar. Zhao et al. (2016) also found significant decreases in thermal
capacity and diffusivity after applying corncob biochar at a rate of 9 Mg ha-1. These studies
indicate that biochar affects soil thermal properties primarily though the following mechanisms:
(1) direct effect via changes in soil solid phase, (2) indirect effects on soil gaseous phase via
affecting soil structure and air filled porosity, and (3) indirect effects on soil liquid phase via
affecting soil water retention characteristics and hydraulic conductivity.
Biochar and soil chemical properties
Soil pH. Soil pH is one of the most studied chemical properties of soils amended with
biochar. Increases in pH as a consequence of biochar addition have been widely reported from
various studies (Table B4). Agbede et al. (2020) reported that the application of hardwood
biochar at a rate of 10, 20, and 30 t ha-1 to Alfisols in the forest-savanna transition zone
increased soil pH by 0.62, 1.22, and 1.37 units, respectively. Zhao et al. (2020) applied corn stalk
biochar to an Albic Clayic Luvisol at the same rate and also found that soil pH increased with
increasing biochar application rate. Oladele (2019) found that soil pH was increased by 28%
over three years of rice husk biochar amendment at a rate of 12 t ha-1. Increases in soil pH
following biochar amendment are primarily attributed to the following mechanisms: (1)
Hydrogen ion binding by the negatively charged groups on the surface of biochar particles.
Biochar is widely considered to be alkaline and contains mineral carbonates such as CaCO3 and
MgCO3, which provide abundant negative charged groups (e.g., OH- and CO32-) that have the
ability to react with hydrogen ions, and as a result to increase soil pH (Li et al., 2018; Yuan &
Xu, 2011), (2) Proton consumption by the surface functional groups of biochar particles
(Oladele, 2019), and (3) Increased exchangeable base cations and base saturation after biochar
addition. Biochar application decreases the exchangeable Al concentration of amended soils by
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binding Al3+ through surface oxygenated functional groups on the biochar particles, resulting in
increases in the abundance of exchangeable base cations and base saturation that ultimately
increases soil pH (Chan et al., 2007; Yuan et al., 2011). Although soil pH most commonly
increases following biochar application, some studies have shown no or decreased effect of
biochar application on soil pH (Alotaibi and Schoenau, 2019; Mahmoud et al., 2020; Mitchell et
al., 2016). These contrasting findings suggest that the response of soil pH to biochar application
is largely dependent on soil properties, biochar feedstock, and the pyrolysis temperatures. For
example, Mahmoud et al. (2020) reported that after applied rice straw biochar at a rate of 0, 0.5,
and 1% (w/w) to salt-affected soil, soil pH decreased by 0.28 and 0.23 units, respectively. They
attributed the decreases in soil pH to the leaching of Na+ salts from the soil with biochar
amendments. Alternatively, organic acids produced from the decomposition of biochar particles
may be responsible for decreases in soil pH, and the formation of acidic functional groups during
oxidation of biochar could also lead to decreases in soil pH (Liu & Zhang, 2012). Alotaibi and
Schoenau (2019) applied 8 t ha-1 of palm tree biochar that was produced at different pyrolysis
temperatures (300, 400, 500, and 600 °Ϲ). They found biochar mostly had little effect on soil pH,
except the low temperature biochar (300 °Ϲ) resulted in a significant decrease in soil pH. This
was attributed to the production of acidic compounds during biochar decomposition, which is
more evident for low temperature biochars.
Cation exchange capacity (CEC). Biochar application commonly increases soil CEC
which can be beneficial for plant growth (Table B5). Liang et al. (2006) found that, in
Anthrosols, the CEC increased from 88.4 mmolc kg-1 in biochar unamended soil to 211.3 mmolc
kg-1 in biochar amended soil. El-Naggar et al. (2019) reported that in sandy soils, CEC increased
from 0.3 cmol kg-1 in the control to 0.7, 0.9, and 3.1 cmol kg-1 in soils amended with 30 t ha-1 of
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silver grass biochar, paddy straw biochar, and umbrella tree wood biochar. Several studies have
confirmed an increase in CEC as a result of biochar application (Alotaibi & Schoenau, 2019;
Glaser et al., 2002; Mahmoud et al., 2020). The increase in soil CEC due to biochar addition is
attributed to the following mechanisms. (1) Biochar has the ability to adsorb organic matter and
other compounds, with the adsorption capacity, found to be increased with the degree of biochar
oxidation. The adsorption of organic matter and other compounds, consequently, increases
charge density per unit surface area of biochar that elevates soil CEC (Atkinson et al., 2010;
Liang et al., 2006). (2) Biochar gradually oxidizes after its application to the soil creating more
O-containing functional groups (e.g., COO-) by the replacement of the aromatic rings, and the
overall negative surface charge of biochar particle increases, therefore enhancing soil CEC (Mao
et al., 2012). Additionally, the effect of biochar addition on soil CEC is closely related to soil
type, with sandy soils found to achieve higher CEC improvement than that of calcareous soils
(Liang et al., 2006). However, Novak et al. (2009b) showed that the application of walnut shell
biochar at a rate of 2% did not affect the CEC of sandy soils. They attributed this to the short
duration of the experiment (120 days) and the low oxidation extent of biochar applied.
The feedstock, properties, and application rates of biochar are also responsible for the
magnitude of soil CEC increase. As previously described, the physical and chemical properties
of biochar depend on pyrolysis temperatures. Functional groups of feedstocks rapidly lose their
structure with increased heating temperatures, resulting in biochar with much lower negative
surface charges. Novak et al. (2009a) reported that the total negative surface charge of biochars
derived from peanut hull, pecan shell, and poultry litter increased with pyrolysis temperatures,
with the highest values being obtained at temperatures of 350 ℃. They also found the negative
surface charges were too low to be detected at heating temperatures above 500℃.
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Soil nutrient availability. Soil plays a crucial role in providing essential nutrients (e.g., N,
P, and K) required by plants for growth and productivity. Many greenhouse and field studies
have shown increased soil nutrient levels as a result of biochar application (Table B6). Cole et al.
(2019) found that the application sugar maple derived biochar significantly increased the
concentrations of extractable N, P, K, and Ca in a well-drained silt loam soil. Similar increases in
soil N contents had also been reported by (Gundale et al., 2016), who applied maple derived
biochar at a rate of 10 t ha-1 to boreal forest soils. Variations in other nutrients, such as boron,
zinc, and molybdenum, were also documented in several greenhouse and field studies. For
example, in a greenhouse pot study, boron and molybdenum contents significantly increased in
Planosol, Cambisol, and Chernozem after the application of biochar at a rate of 3% (Kloss et al.,
2014). The primary reason for increased soil nutrient contents after biochar addition is that
biochar itself contains different inorganic nutrients, with the amount and availability of these
nutrients found to be correlated with the feedstock and the pyrolysis temperature. DeLuca et al.
(2012) indicated that the pyrolysis of woody biomass gradually produces phosphate salts when
pyrolysis temperatures are under 700°Ϲ. Page-Dumroese et al. (2016) also stated that wood
derived biochar is high in K, P, and Ca. Alternatively, biochar can reduce nutrient leaching by
adsorbing inorganic nutrients on its large surface due to its high porosity (El-Naggar et al.,
2019). However, it is worth noting that the adsorption capacity of biochar is greatly dependent
on feedstock and pyrolysis temperature. Biochar also affects soil microbial communities and
dynamics, which have even stronger influences on soil N level. Soil microorganisms play a key
role in the ammonification process converting nitrate to ammonium that reduces N loss through
leaching or gaseous emissions (Laird et al., 2010b).
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Biochar and soil greenhouse gas emissions
Greenhouse gases, including carbon dioxide (CO2), nitrous oxide (N2O), and methane
(CH4), are the major contributors to climate change (IPCC, 2014). CO2 released from soil
through soil respiration, which includes microbial and root respiration, is the primary pathway
for carbon loss to the atmosphere from terrestrial ecosystems (Li et al., 2018). N2O and CH4 are
also important greenhouse gases that can be derived from terrestrial ecosystem processes.
Various greenhouse and field studies about the effects of biochar soil amendment on soil
physical, chemical, and biological properties indicate biochar can influence terrestrial ecosystem
greenhouse gas flux (Table B7).
Soil CO2 emission. Studies examining CO2 emissions from biochar amended soils report
increased, decreased, or no effect on CO2 emissions. A meta-analysis conducted by He et al.
(2017) on greenhouse gas fluxes in response to biochar application reported a positive effect
from biochar that enhanced soil CO2 emissions, with the magnitude of effects found to vary
considerably among studies. He et al. (2017) showed that overall biochar application
significantly increased soil CO2 emissions by 22.14%. This is consistent with Song et al. (2016),
who showed approximately 19% increases in soil CO2 emissions as a consequence of the biochar
amendment. Mitchell et al. (2015) reported that the application of maple sugar biochar at rates of
5, 10, and 20 t ha-1 resulted in a significant increase in soil CO2 emission in a temperate forest
soil. In contrast, Sun et al. (2014) reported reduced CO2 emissions in pine forest soils following
biochar application at a rate of 30 t ha-1. Liu et al. (2016) showed that the application of wheat
straw biochar (0, 20, and 30 t ha-1) did not affect CO2 emissions in rice paddy soils. These
findings suggest that differences in soil, biochar type and application, and vegetation type may
affect the response of soils amended with biochar relative to soil CO2 emissions. The
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mechanisms that account for the response of soil CO2 emissions to biochar addition can be
synthesized as the following: (1) biochar affects soil physical, chemical, and biological
properties, such as soil bulk density, porosity, soil aeration, water holding capacity, pH, and
CEC, which then indirectly affect CO2 emissions, (2) biochar contains labile carbon that
enhances the soil labile carbon pool after application, promoting soil CO2 emissions, (3) biochar
application can significantly influence the communities and activities of microorganisms that are
involved in CO2 production, and (4) the large adsorption capacity of biochar affects soil CO2
emissions by adsorbing CO2 molecules.
Soil CH4 emission. The balance between CH4 consumption and production determines whether
the ecosystem is a sink or source for CH4 (Van Zwieten et al., 2015). Biochar has been shown to
decrease CH4 emission from amended soils. Yu et al. (2013) applied chicken manure biochar to
both paddy soils and forest soils at three moisture levels (35, 60, and 100% water-filled pore
space), and they found a reduction of CH4 emission from amended soils. Feng et al. (2012) also
reported decreases in CH4 emission from paddy soil. Results from a meta-analysis of CH4
emissions from soils amended with biochar indicated that biochar has the potential to mitigate
CH4 emissions from soils, particularly from paddy soils and acidic soils. The mechanisms
underlying the decreased CH4 emission relative to biochar amendment are mainly explained as
follows: (1) reduced bulk density and increased porosity of biochar amended soils alter soil
aeration, increasing diffusivity and CH4 uptake of the biochar amended soils (Van Zwieten et al.,
2015), (2) increases in soil porosity and aeration with biochar application decrease CH4
production, since the aerobic conditions created by biochar addition favor oxidation of CH4
(Brassard et al., 2016), (3) biochar increases soil pH that favors the growth of methanotrophy,
enhancing CH4 uptake by soil (Jeffery et al., 2016; Li et al., 2018), and (4) biochar increases the
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abundance of methanotrophic bacteria that consume CH4 for carbon and energy (Van Zwieten et
al., 2015), resulting in less CH4 that is released to the atmosphere. Studies also indicate increased
or no significant effects of biochar on CH4 emission. Kammann et al. (2012) found that the
application of peanut hull biochar did not change the CH4 emission. Hawthorne et al. (2017)
observed significant increases in CH4 emission from the soil with biochar amendment at rates of
1 and 10% (w/w).
Soil N2O emission. Results from a meta-analysis using 30 published studies from 2007 to 2013
showed that, overall, biochar application reduced soil N2O emissions by 54% in both laboratory
and field studies, with the differences in responses being primarily explained by the biochar
feedstock, pyrolysis conditions (e.g., temperature and time), and C/N ratio (Cayuela et al., 2014).
This is similar to Liu et al. (2019), who considered biochar application as an effective tool to
decrease soil N loss through N2O emissions from croplands. They found that a suitable
application of biochar across global croplands (i.e., application of < 80 t ha-1 wood biochar, <40 t
ha-1 straw biochar, and <10 t ha-1 manure biochar) had the mitigation potential of decreasing N2O
by 6 to 30%. Yuan et al. (2019) found decreased N2O emissions in response to the application of
rice straw biochar. Case et al. (2012) reported that cumulative N2O emissions were suppressed
by at least 49% with a hardwood biochar amendment. The possible reasons underlying the
decreased soil N2O emissions after biochar addition include: (1) biochar enhances soil aeration
and oxygen concentration, which then limits soil denitrification by microorganisms that occurs
primarily under suboxic conditions (Yanai et al., 2007), (2) the liming effect of biochar increases
soil pH, which in turn promotes the activity of N2O reductase that facilitates the transition from
N2O to N2 (Cayuela et al., 2013), and (3) biochar application leads to adsorption of NH4+ and
NO3- that further reduces NH3 volatilization or the immobilization of N compounds (Li et al.,
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2018), decreasing the inorganic N pool available for nitrifying or denitrifying microorganisms
that produce N2O as a metabolic byproduct (Clough et al., 2013). Despite the negative effects of
biochar application on N2O emissions that are commonly observed, positive and no effects have
also been reported. Hawthorne et al. (2017) reported a significant increase in N2O emissions
from forest soils amended with 10% biochar. Yanai et al. (2007) found N2O suppression by 89%
from a sandy loam soil amended with 10% (w/w) waste-derived biochar when the soil was
wetted up to 78% water-filled pore space, while a significant increase in N2O emission was
observed when the soil was rewetted at 83%.
Biochar and soil biological properties
Soil microbial communities and their diversities and abundance are considered as
important factors affecting soil fertility and productivities (El-Naggar et al., 2019). Studies have
shown that biochar amendments not only provide habitats and nutrients for microbial growth
(Laghari et al., 2016; Zhu et al., 2017), but also stimulate microbial diversities and activities
(Lehmann et al., 2011). Biochar addition has been shown to alter the abundance of soil
microorganisms, with the effects found to be varied by different types of microorganisms. The
abundance and activity of mycorrhizal fungi (e.g., arbuscular mycorrhizal and ectomycorrhizal)
often respond positively to biochar application (Warnock et al., 2007). Zhao et al. (2020) found
that, for bacterial communities, corn stalk biochar application increased the abundance of
actinobacteria, but decreased the relative abundance of acidobacteria. As synthesized by
Warnock et al. (2007), at least four mechanisms are in support of such increases in biochar
amended soils: (1) biochar application alters soil physio-chemical properties, (2) biochar
application affects other microorganisms, (3) biochar alters plant-fungus signaling interference
and detoxification of allelochemicals influencing root colonization by microorganisms, and (4)
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complicated pore systems of biochar protect microorganisms from grazers. However, decreases
in arbuscular mycorrhizal fungal abundance have also been observed (Warnock et al., 2007). The
supported mechanisms for such decreases, as reviewed by Lehmann et al. (2011), are: (1)
reduced requirement for mycorrhizal symbiosis as a result of increased nutrient and water
availability to plants; (2) modification of pH or water relations, (3) negative effects from high
contents of mineral elements (e.g., heavy metal) in biochar, and (4) adsorption of organic C
and/or organically-bound nutrients impede fungal availability.
The response of soil fauna to biochar addition is not well-studied. The limited number of
greenhouse and field experiments resulted in very contrasting findings, with some studies
reporting positive effects on certain soil faunal groups (McCormack et al., 2019), others showing
negative or no effects on soil faunal population, diversity, etc. (Domene et al., 2014; Zhang et al.,
2013). The reasons for explaining these various effects on soil organisms are not entirely clear
but may be attributed to factors proposed by Briones et al. (2020): (1) although biochar has less
palatability and nutrient value, it can be an energy source for soil organisms, (2) the heavy metal
content could harm soil organisms, and (3) modification of soil physicochemical properties (e.g.,
pH and water holding capacity) could be beneficial for some organisms but not for all.
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Table B1. Influences of biochar applications on soil bulk density (BD).
Location
Saudi Arabia

Soil
Loamy sand

United Arab
Emirates

Aridsoil

Turkey

Vertic
Torrifluvent

Germany

Slovak

Study
Greenhouse

Date palm

Temperature (°Ϲ)

Rate

BD

Change(%)

300, 400, 500, and
600

8 t ha-1

Decreased

6 to 19

450

0.014%
(w/w)
0.09%
0.23%
0.33%
1%

Greenhouse

Forest biomass
waste

Field

Cotton straws,
pistachio shells,
and corn cobs

300

0 Mg ha-1
4 Mg ha-1
8 Mg ha-1

-

Field

Green cuttings

650

Haplic
Luvisol

Field

Paper fiber
sludge and grain
husks

China

Clay loam

Field

Egypt

Vertic
Torrefulvents

Field

Calcaric
lithosol
Table B1. Continued.
Greece

Feedstock

Greenhouse

Wheat straw

-

Orange peels

Reference
Alotaibi and
Schoenau, 2019

1.77
Decreased

1.09
0.69
0.54
0.17

Baiamonte et al.,
2019

Decreased

1.6
1.6

Bilgili et al., 2019

3 and 40 Mg
ha-1

No effect

-

Greenberg et al.,
2019

550

0, 10 and 20 t
ha-1

Decreased

-

Horák et al., 2019

550 to 600

0 t ha-1
10 t ha-1
20 t ha-1
30 t ha-1

Decreased

4.9
7.6
10.4

Huang et al., 2019

1

Decreased

11

Ibrahim et al., 2019

5, 10, and
15% (w/w)

Decreased

10

Kalderis et al., 2019

450

80
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0 and 10 t ha-

Location

Soil

Study

Feedstock

Temperature (°Ϲ)

Rate

BD

Change(%)

Reference

Iran

Haplic
Regosol

Field

Hardwood chips
and garden
debris

800

10 t ha-1

Decreased

10

Safaei Khorram et
al., 2019

USA

Xeric
Haplocalcids

Field

Oak and hickory
hardwood
sawdust

500

1 and 2%

Decreased

11

Lentz et al, 2019

Nigeria

Alfisol

Field

Rice husk

350 to 400

0, 3, 6, and
12 t ha-1

Decreased

-

Oladele, 2019

Brazil

Typic
Haplustox

Greenhouse

Eucalyptus spp.
bark

350

0, 5, 10, 20,
40 and 60 g
kg-1

Decreased

-

Tanure, et al., 2019

Pot

Mixed wood

620

1, 5, 10, and
20% (v/v)

Decreased

400 to 450

10,20, and 30
g kg-1

550

0 t ha-1
20 t ha-1
40 t ha-1
60 t ha-1

Portugal

Sandy
Sandy loam

China

China

Albic

Silty loam

Pot

Field

Corn straw

Maize straw

Woodchip
China

Desert soil

Pot

Rice straw
Dairy manure

300
700
300
700
300
700
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5% (w/w)

3.6
3.5

Verheijen et al.,
2019

Decreased

6.6

Xiu et al., 2019

Decreased

4.2
6.5
9.6

Yan et al., 2019

Decreased

24
19
22
18
20
26

Zhang et al., 2019

Location
China

Soil
Fluvic
Cambisol

Study
Field

Feedstock
Maize cob

Temperature (°Ϲ)

Rate

BD

Change(%)

360

4.5 t ha-1
9 t ha-1

Decreased

3.9
11

Decreased

8.4
20.8
31.2

Decreased

17

Máko et al., 2020

Decreased

2.2
6.6
8.0
2.9
7.3
7.3

Zhao et al., 2020

Nigeria

Alfisol

Field

Hardwood

580

0 t ha-1
10 t ha-1
20 t ha-1
30 t ha-1

Hungary

Alfisol

Pot

Paper fibre and
grain husk

600

0, 0.5, 2.5,
and 5%
(w/w)

550

0 t ha-1
10 t ha-1
20 t ha-1
30 t ha-1
0 t ha-1
10 t ha-1
20 t ha-1
30 t ha-1

Albic Clayic
Luvisol
(0-10 cm)
China

Field

Corn stalk

Albic Clayic
Luvisol
(10-20 cm)
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Reference
Zhou et al., 2019

Agbede et al., 2020

Table B2. Influences of biochar applications on soil porosity.
Location
Saudi Arabia

Soil
Loamy sand

United Arab
Emirates

Aridsoil

Turkey

Vertic
Torrifluvent

China

Germany

Black loam

-

Study

Feedstock

Greenhouse

Date palm

Greenhouse

Forest biomass
waste

Field

Cotton straws,
pistachio shells,
and corn cobs

Temperature (°Ϲ)

Rate

Porosity

Change (%)

Reference

300, 400, 500, and
600

8 t ha-1

Increased

13 to 16

Alotaibi and
Schoenau, 2019

450

0.014, 0.09,
0.23, 0.33,
and 1%
(w/w)

Increased

50

Baiamonte et al.,
2019

300

0 Mg ha-1
4 Mg ha-1
8 Mg ha-1

Increased

5.8
16.7

Bilgili et al., 2019

Increased

3.1
10.3
22.7
34.1

Fu et at., 2019

Field

Corn straw

500

0 t ha-1
30 t ha-1
60 t ha-1
90 t ha-1
120 t ha-1

Field

Green cuttings

650

3 Mg ha-1
40 Mg ha-1

Increased

5.1
7.1

Greenberg et al.,
2019

Greece

Calcaric
lithosol

Greenhouse

Orange peels

80

5, 10, and
15% (w/w)

Increased

10

Kalderis et al., 2019

Brazil

Typic
Haplustox

Greenhouse

Eucalyptus spp.
bark

350

0, 5, 10, 20,
40 and 60 g
kg-1

Increased

-

Tanure et al., 2019

China

Fluvic
Cambisol

Field

Maize cob

360

Nigeria

Alfisol

Field

Hardwood

580

185

4.5 t ha-1
9 t ha-1
0 t ha-1
10 t ha-1
20 t ha-1
30 t ha-1

Increased

Increased

1.9
7.7
11.7
23.4
43.2

Zhou et al., 2019
Agbede et al., 2020

Table B3. Influences of biochar applications on soil infiltration, hydraulic conductivity (Ks), water holding capacity (WHC), and field capacity (FC).
Location
Saudi
Arabia

Saudi
Arabia

United
Arab
Emirates

Turkey

China

Germany

Slovak

Soil

Study

Feedstock

Temperature(°
Ϲ)

Rate

Infiltration

Ks

WHC

FC

Reference

Loamy sand

Greenhouse

Date palm

400 to 450

10, 20, 30,
and 40 g kg-1

Increased

Decreased

Increased

-

Al-Omran
et al., 2019

Greenhouse

Date palm

300, 400, 500,
and 600

8 t ha-1

-

-

Increased

-

Alotaibi
and
Schoenau,
2019

Greenhouse

Forest
biomass
waste

450

0.014, 0.09,
0.23, 0.33,
and 1%
(w/w)

-

-

-

Increased

Baiamonte
et al., 2019

Field

Cotton
straws,
pistachio
shells, and
corn cobs

300

0, 4, and 8
Mg ha-1

-

-

Increased
by 5.8 and
12.1%

Loamy sand

Aridsoil

Vertic
Torrifluvent

Field

Corn straw

500

0, 30, 60, 90,
and 120
t ha-1

-

Field

Green
cuttings

650

3, and 40 Mg
ha-1

Haplic
Luvisol

Field

Paper,
sludge, and
grain husks

550

0, 10 and 20
t ha-1

Black loam
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-

Decreased
by 3.89,
8.12,
13.02, and
18.14%

-

Bilgili et
al., 2019

Decreased
by 2.1, 3.4,
5,5, and
6.9%

Increased
by 26 and
32 %
-

-

No effect

Fu et al.,
2019

Greenberg
et al., 2019
-

Horák et
al., 2019

Location

Soil

Study

Feedstock

China

Clay loam

Field

Wheat
straw

Egypt

Vertic
Torrifluvent

Field

-

Greece

Calcaric
lithosol

Greenhouse

Iran

Haplic
Regosol

USA

Xeric
Haplocalcids

Nigeria

Alfisol

Field

Rate

Infiltration

Ks

WHC

FC

550 to 600

0,10, 20, and
30 t ha-1

-

Increased
by 55, 75,
and 98%

-

-

Huang et
al., 2019

1

-

Increased
by 57.1%

-

-

Ibrahim et
al., 2019

5, 10, and
15% (w/w)

-

Increased

No effect

-

Kalderis et
al, 2019

-

-

Increased
by 11.4%

-

Safaei
Khorram et
al., 2019

450

80

0 and 10 t ha-

-1

Reference

800

10 t ha

Field

Oak and
hickory
hardwood
sawdust

500

1 and 2%

Increased
by 28%

No effect

-

-

Lentz et
al., 2019

Field

Rice husk

350 to 400

0, 3, 6, and
12 t ha-1

-

-

Increased

-

Oladele et
al., 2019

Pot

Mixed
wood

620

1, 5, 10, and
20% (v/v)

-

-

Increased
by 9.9%
Increased
by 8.5%

-

Verheijen
et al., 2019

600

20 t ha-1

-

Decreased

-

Wanniarac
-hchi et al.,
2019

-

-

-

Increased
by 11.85%

-

-

No effect

-

Sandy
Portugal

Orange
peels
Hardwood
chips and
garden
debris

Temperature(°
Ϲ)

Sandy loam

Canada

Podozol

Field

Dairy
manure

China

Albic

Pot

Corn straw

China

Silty loam

Field

Maize
straw

400 to 450
550

10,20, and
30 g kg-1
0, 20, 40, 60
t ha-1
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Xiu et al.,
2019
Yan et al.,
2019

Location

Soil

Study
Pot

Feedstock

Temperature(°
Ϲ)

Rate

Infiltration

Ks

WHC

FC

Woodchip,
rice straw,
and dairy
manure

300 and 700

5% (w/w)

-

Decreased

-

-

-

-

Increased

-

Increased

-

China

Desert soil

China

Fluvic
Cambisol

Field

Maize cob

360

Hungary

Alfisol

Pot

Paper fibre
and grain
husk

600

4.5 and 9 t
ha-1
0, 0.5, 2.5,
and 5%
(w/w)

188

Reference
Zhang et
al., 2019

Zhou et al.,
2019
-

Máko et
al., 2020

Table B4. Influences of biochar applications on soil pH.
Location

Soil

Study

Feedstock

Temperature (°Ϲ)

Rate

pH

Change(%)

8 t ha-1

Decreased
Increased
Increased
Decreased

1.3
11.9
0.2
0.7

Alotaibi and
Schoenau, 2019

Cole et al., 2019

Saudi Arabia

Loamy sand

Greenhouse

Date palm

300
400
500
600

USA

Fluvaquentic
Dystrudept

Field

Suger maple

450

0, 2, 4, 6, and
8% (w/w)

Increased

16%

Iran

Haplic
Regosol

Field

Hardwood chips
and garden
debris

800

10 t ha-1

No effect

-

Nigeria

Alfisol

Field

Rice husk

350 to 400

0, 3, 6, and
12 t ha-1

Increased

35

Brazil

Typic
Haplustox

Greenhouse

Eucalyptus spp.
bark

350

5 g kg-1
10 g kg-1
20 g kg-1
40 g kg-1
60 g kg-1
5 g kg-1
10 g kg-1
20 g kg-1
40 g kg-1
60 g kg-1

China

-

Pot

Wood
Bamboo
Rice straw
Walnut shell

500
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5% (w/w)

2-5mm biochar
Decreased
Decreased
Decreased
No effect
Increased
<0.5 mm biochar
Decreased
Increased
Increased
Increased
Increased

0.6
13
15.3
21.2
23.5

No effect
Decreased
No effect
No effect

7
-

5.0
0.2
4.2
6.1

Reference

Safaei Khorram et
al., 2019

Oladele, 2019

Tanure et al., 2019

Wang et al., 2019

Table B4. Continued.
Location
China

Nigeria

Soil

Study
Albic

Alfisol

Pot

Field

Feedstock
Corn straw

Hardwood

Temperature (°Ϲ)
400 to 450

580

Field

Corn stalk

550

Greenhouse

Rice straw

400

0.5 % (w/w)
1%

Albic Clayic
Luvisol
(10-20 cm)

Egypt

Clay loam

10,20, and 30
g kg-1
0 t ha-1
10 t ha-1
20 t ha-1
30 t ha-1
0 t ha-1
10 t ha-1
20 t ha-1
30 t ha-1
0 t ha-1
10 t ha-1
20 t ha-1
30 t ha-1

Albic Clayic
Luvisol
(0-10 cm)
China

Rate

190

pH

Change(%)

Reference

Increased

6.7

Increased

11.0
21.7
24.3

Increased

2.8
5.3
16.4
3.0
5.5
13.0

Zhao et al., 2020

Decreased

3.6
2.9

Mahmoud et al.,
2020

Xiu et al., 2019
Agbede et al., 2020

Table B5. Influences of biochar applications on soil cation exchange capacity (CEC).
Location

Soil

Study

Feedstock

Temperature (°Ϲ)

Rate

CEC

Change(%)

Alotaibi and
Schoenau, 2019

Greenhouse

Date palm

300
400
500
600

-

Field

Green cuttings

650

3 and 40 Mg
ha-1

No effect

-

Greenberg et al.,
2019

Iran

Haplic
Regosol

Field

Hardwood chips
and garden
debris

800

10 t ha-1

No effect

-

Safaei Khorram et
al., 2019

Nigeria

Alfisol

Field

Rice husk

350 to 400

0, 3, 6, and
12 t ha-1

Increased

149

Oladele, 2019

Egypt

Clay loam

Greenhouse

Rice straw

400

0.5 % (w/w)
1%

Increased

21
28.9

Mahmoud et al,
2020

Saudi Arabia

Loamy sand

Germany
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8 t ha-1

Increased

20.1
43.7
3.4
15.5

Reference

Table B6. Influences of biochar applications on soil nutrient availability.
Location

Soil

Study

Feedstock

Temperature
(°Ϲ)

Rate

N

P

K

USA

Fluvaquentic
Dystrudept

Field

Suger
maple

450

0, 2, 4, 6,
and 8%
(w/w)

Increased

Increased
by 45%

Increased
by 175%

Cole et al, 2019

550 to 600

0, 10, 20,
and 30
t ha-1

Increased
by 100,
148, and
5.2%

Increased
by 23, 42,
and 48%

Increased
by 23, 38,
and 51%

Huang et al, 2019

Safaei Khorram et
al., 2019

Reference

Field

Wheat
straw

Iran

Haplic
Regosol

Field

Hardwood
chips and
garden
debris

800

10 t ha-1

Increased

Increased

Increased

China

Albic

Pot

Corn straw

400 to 450

10,20, and
30 g kg-1

Increased
by 9.83%

Increased
by 25.56%

-

580

0, 10, 20,
and 30
t ha-1

Increased
by 100,
125, and
150%

Increased
by 18,40,
and 52%

Increased
by 110,
170, and
230%

Agbede et al, 2020

400

0.5 and 1%
(w/w)

Increased
by 21 and
29%

Increased
by 60 and
49%

Increased
by 9 and
17%

Mahmoud et al,
2019

China

Clay loam

Nigeria

Egypt

Alfisol

Clay loam

Field

Greenhouse

Hardwood

Rice straw

192

Xiu et al, 2019

Table B7. Influences of biochar applications on soil greenhouse emissions.
Location

Soil

Study

Feedstock

Temperature
(°Ϲ)

Rate

CH4
emission

N2O
emission

500

5 t ha-1
10 t ha-1
20 t ha-1

CO2
emission
Decreased
Increased
Increased

-

-

Ge et al., 2019

-

40 t ha-1

-

Decreased

-

Wu et al., 2019

350 to 550

-

-

Decreased
by 26.2%

-

Xiao et al., 2019

Yuan et al., 2019

China

Haplic
Luvisol

Field

China

Paddy soil

Laboratory

China

Fluvo-aquic

Field

Wheat
straw

China

Agricultural
soil

Field

Rice straw

600

1g

-

-

Decreased

China

Loam

Field

Corn stover

-

0, 15, 30,
45, and 60
t ha-1

Increased

-

-

Bamboo

-
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Reference

Gao et al., 2020

APPENDIX C
IRON AND ALUMINUM MINERAL CONTROL ON SOC

The following data were from pilot studies conducted in 2017 that were not pursued for a
larger study. This work looked at existing data from phosphorus fractionation studies at the Bear
Brook Watershed in Maine (SanClements et al., 2010). The goal of the pilot study was to
evaluate statistical correlations between soil total carbon and total iron (Fe) and aluminum (Al)
fractions. Below are characteristics of the six watershed study sites in the US and Europe, as well
as correlation data. Significant correlations were evident at some sites for both Al and Fe,
although Al was the dominate metal associated with soil C in these data.
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Table C1. Description of study sites.
Watershed

Location

Transects

Hadlock Brook

Eastern Maine

2

7

Softwoods

Mud Pond

Eastern Maine

2

7

Softwoods

F3: 2

7

Hardwoods

Ammonium sulfate

F4: 2

7

Hardwoods

Referenced watershed

Northeastern

Intensive: 1

8

Softwoods

France

Non-intensive: 1

4

Hardwoods

Prague, Czech

Intensive: 1

10

Hardwoods

Republic

Non-intensive: 1

3

Hardwoods

West Bear

12

Softwoods

West Bear

12

Hardwoods

East Bear

12

Softwoods

East Bear

12

Hardwoods

Fernow
Experimental Forest

Strengbach

Lesni Potok

Bear Brook

West Virginia

Maine

Pedons per transect Canopy
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Treatment

Ammonium sulfate

Referenced watershed

Table C2. Correlation coefficients and significance between total C concentrations and total Fe
and Al.

Study site
Hadlock Brook
Al
Fe
Mud Pond
Al
Fe
Fernow Experimental Site
Al
Fe
Strengbach
Al
Fe
Lesni Pond
Al
Fe
Bear Brook
Al
Fe

Total C (%)

R2

P

5.0

0.83
0.14

<0.0001***
0.0428*

2.75

0.48
0.37

0.0012**
0.0057**

4.52

0.19
0.003

<0.0001***
0.6495

2.88

0.06
0.01

0.0599
0.5478

1.58

0.59
0.001

0.5887
0.8104

5.35

0.086
0.51

0.0246*
<0.0001***
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